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ABSTRACT 
 
Transmit Field Pattern Control for High Field Magnetic Resonance Imaging with 
Integrated RF Current Sources. (August 2004) 
Krishna Nagaraj Kurpad, B.E., University of Mysore 
Chair of Advisory Committee: Dr. Steven M. Wright 
 
The primary design criterion for RF transmit coils for MRI is uniform transverse 
magnetic (B1) field. Currently, most high frequency transmit coils are designed as 
periodic, symmetric structures that are resonant at the imaging frequency, as determined 
by the static magnetic (B0) field strength. These coils are excited by one or more voltage 
sources. The distribution of currents on the coil elements or rungs is determined by the 
symmetry of the coil structure. At field strengths of 3T and above, electric properties 
such as the dielectric constant and conductivity of the load lead to B1 field 
inhomogeneity due to wavelength effects and perturbation of the coil current distribution 
from the ideal. The B1 field homogeneity under such conditions may be optimized by 
adjusting the amplitudes and phases of the currents on the rungs. However, such 
adjustments require independent control of current amplitudes and phases on each rung 
of the resonant coil. Due to both the strong coupling among the rungs of a resonant coil 
and the sensitivity to loading, such independent control would not be possible and B1 
homogeneity optimization would involve a time consuming and impractical iterative 
  
iv 
procedure in the absence of exact knowledge of interactions among coil elements and 
between the coil and load. 
This dissertation is based on the work done towards the design and development 
of a RF current source that drives high amplitude RF current through an integrated array 
element. The arrangement is referred to as a current element. Independent control of 
current amplitude and phase on the current elements is demonstrated. A non-resonant 
coil structure consisting of current elements is implemented and B1 field pattern control 
is demonstrated.  It is therefore demonstrated that this technology would enable effective 
B1 field optimization in the presence of lossy dielectric loads at high field strengths.  
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CHAPTER I 
 
INTRODUCTION 
 
I.1. Background information on MRI  
Magnetic Resonance Imaging (MRI) is a tomographic imaging technique that is 
mainly used to image the human anatomy. It is based on the principle of Nuclear 
Magnetic Resonance (NMR), a physical phenomenon that was discovered separately by 
Felix Bloch and Edward Purcell in 1946. The first application of the principle of NMR 
was in NMR spectroscopy. Paul Lauterbur, in 1973, obtained the first images of small 
test tube samples using magnetic field gradients (1). This signaled the birth of MRI and 
today, it is the preferred modality of imaging for medical diagnostic purposes. 
From a system perspective, the MRI scanner consists of three major hardware 
components: 1) The magnet, 2) The gradient subsystem and 3) The RF subsystem. The 
magnet is used to provide an external static magnetic field that sets the frequency of 
precession of the nuclear magnetic moment at the so called Larmour frequency and also 
aligns the resultant magnetic moment vector of every volume element, called voxel, in 
the selected imaging volume in a specific direction, conventionally referred to as the ‘z’ 
direction. The gradient subsystem provides magnetic field gradients that serve to 
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spatially localize the voxels depending on their precessional frequencies and relative 
phase. The RF subsystem is used to generate and detect the NMR signal. 
I.2. Motivation 
Ever since the invention of MRI three decades ago, the objective of RF coil 
design has been to achieve highly homogeneous transverse magnetic field and high 
sensitivity. The transverse magnetic field in conventionally referred to as the B1 field in 
MRI, though B is the standard symbol for the magnetic flux density and H is the 
standard symbol for magnetic field intensity. In the context of transmit coil design, B1 
field homogeneity is a primary requirement for the RF coil to be acceptable whereas 
high sensitivity is a desired feature of a good transmit coil, which reduces power 
demands on the RF power amplifier. These objectives have been traditionally met by 
implementing symmetric, periodic structures that are resonant at the imaging frequency 
or Larmour frequency. These structures are multi-modal due to the periodicity of their 
structure. The RF power amplifier has traditionally been used as a voltage source to 
excite the resonant structure at the Larmour frequency. The current distribution on the 
coil conductors would therefore be determined by the symmetry of the coil structure.  
The most popular resonant coil to date is the birdcage coil first proposed by 
Hayes et al (2). At field strengths below 1.5T, birdcage coils efficiently generate highly 
homogeneous B1 fields in large imaging volumes even in the presence of asymmetrically 
placed lossy, dielectric loads. This is due to the fact that the wavelength of the field is 
long compared to the load dimensions and the parasitic capacitances introduced by the 
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load are negligible compared to the value of the component capacitors that are used to 
tune the coil to resonance. 
At field strengths of 3T and higher, the tuning capacitors required to resonate a 
coil of the same size become smaller and consequently, the parasitic capacitances 
become significant in comparison. This results in B1 field inhomogeneity due to 
overlapping of resonant modes, called mode mixing (3). Furthermore, the wavelength of 
the RF field in the load becomes comparable to the load dimensions, leading to 
formation of interference patterns within the load. These two effects lead to severe B1 
field inhomogeneity. While other resonant coil designs, such as the TEM resonator (4,5), 
have attempted to address the problem of load-coil interactions through the use of 
distributed capacitors, dielectric effects have been thought to be a fundamental limitation 
for high field whole body imaging (6). 
The challenges posed by high field imaging in terms of B1 field homogeneity 
necessitates a radical shift in the approach to RF transmit coil design. RF coil designs of 
the future, for high field imaging, would need to possess the ability to control B1 field 
patterns in the imaging volume. This would enable optimization of B1 homogeneity in 
the presence of lossy, dielectric loads by a simple superposition of a number of field 
patterns.  
This dissertation is a report of work done towards achieving such a coil design. 
Principles of phased array antennas and active integrated array design have been adapted 
to the context of MRI. High amplitude RF current sources have been designed, 
developed and integrated with array elements to form current elements that are well 
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decoupled from each other, thereby enabling independent control of the amplitude and 
phase of the B1 field generated by them. These current elements have then been used in a 
volume coil configuration and B1 field pattern control has been demonstrated. 
I.3. Organization of the dissertation 
A discussion of NMR physics has been avoided in this dissertation as no 
improvement on the treatment of the subject over those presented by several 
distinguished authors is likely. This first chapter introduces the reader to some of the 
pioneers in the field of NMR theory and MRI. The chapter then goes on to discuss the 
motivation for the research and finally presents the organization of the dissertation. 
Chapter II lays the foundation for the research by giving the reader a brief 
theoretical background on the necessity for uniform B1 fields, the rationale for high field 
imaging, the problems it poses for RF coil design and the body of work that has gone 
into addressing these problems. The chapter ends with a brief overview of the work 
presented in this dissertation 
Chapter III discusses the design, development and testing of an eight channel 
controller module. The controller module is used to control the amplitude and phase of 
the RF control voltage that in turn, controls the amplitude and phase of the current on the 
current element. This chapter presents results showing that the amplitude and phase of 
the output voltage can be controlled independent of each other. 
Chapter IV discusses the design of a high amplitude RF current source as a 
modification of a classical RF power amplifier design. This chapter discusses the 
constraints imposed by the parasitic output capacitance of the MOSFET on the current 
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source operation of the MOSFET, with respect to the rung. Results are presented that 
show the linear dependence of the rung current amplitude and phase on the amplitude 
and phase respectively of the RF control voltage. Results are presented to also show the 
transition of the MOSFET from a current source to a voltage source and conclusions are 
drawn. 
Chapter V describes the construction of an eight channel volume transmit array 
coil. The controllability of current phase and amplitude on a current element in the 
presence of a neighboring current carrying element is established. The uncontrolled 
modal patterns of a TEM coil are reproduced in a controlled manner by adjusting the 
current phases and amplitudes on the current elements, thus demonstrating B1 field 
pattern control. 
Chapter VI summarizes the work presented in this dissertation and suggests some 
areas of interest for future research. 
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CHAPTER II 
 
BACKGROUND 
 
Radio frequency (RF) coils are used in MRI to transmit RF power into a sample 
and receive an RF signal, the NMR signal, from the sample. The most important design 
criteria for transmit and receive coils are respectively, the transverse RF magnetic (B1) 
field homogeneity throughout the sample volume and the signal to noise ratio (SNR) of 
the received signal. This chapter discusses issues relating to the RF transmit coil design, 
specifically for high field imaging. The discussion begins with a justification for the 
requirement of B1 field homogeneity. Next, the rationale for high field imaging along 
with the problems posed for RF coil design is discussed. This is followed by a discussion 
of the body of work that has gone into the design of volume coils that attempt to address 
the problems posed by high field imaging.  
II.1. Flip angle, image intensity and contrast 
The underlying phenomenon in Magnetic Resonance Imaging has been colorfully 
described as a choreography of proton spin magnetic moments, controlled by the 
application of various magnetic fields (7). This is made possible by the property of spin 
precession about the axis of the applied magnetic field. The angular velocity of 
precession, expressed in units of radians/second is given by 
 0 0Bω γ=  [II.1] 
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where γ is the gyromagnetic ratio expressed in units of radians/tesla and B is the 
magnetic flux density of the applied field, expressed in units of tesla. The hydrogen 
nucleus, which consists of a single proton, is the most abundantly present in tissue and is 
most widely used for MRI. The gyromagnetic ratio of a hydrogen nucleus is 267.48 
Mrad/T.  
The spins of a sample volume can be binned into small volume elements called 
voxels, depending upon their position in the sample. The voxel size is determined by the 
desired image resolution and the slice thickness. Each voxel is assumed to have a 
uniform spin density. When the sample is placed in a static magnetic field, B0, each 
voxel develops a net macroscopic magnetization, M0, in the direction of B0, which, by 
convention, is taken to be in the positive z direction. M0 precesses about the axis of B0 
with angular velocity, ω0, as given by [II.1]. When a transverse magnetic field, B1, 
oriented orthogonal to B0, and with the same angular velocity, ω0, is applied for a limited 
length of time,τ, M0 precesses about the rotating axis of B1 through an angle, α. To an 
observer on the rotating B1 axis, the flip angle, α is given by 
 ( ) ( )1
0
,r B r t dt
τ
α γ= ∫  [II.2] 
where ( ), ,r x y z=  defines the position of a voxel in a coordinate system. Equation [II.2] 
results in the formation of a transverse component of M0 on the x-y plane denoted by 
Mxy, which induces an exponentially decaying emf in the receive antenna. The 
implication of [II.2] is that uniform flip angle over the entire imaging plane requires 
uniform B1 field over that plane. 
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The most common and basic pulse sequences used in MRI are the Spin Echo 
(SE) and the Gradient Echo (GE) sequences. The signal contributed by each voxel due to 
SE and GE pulse sequences (8) are given by  
 ( ) ( ) ( ) ( )1 2, 1 exp exp
j t
SE xy
TR TES r t M r e
T r T r
ω
     
− − ∝ −              
 [II.3] 
 ( ) ( ) ( )
( ) ( )
*
1 2
1
1 exp exp ( )
,
1 exp cos
j t
GE xy
TR TE
T r T r
S r t M r e
TR
r
T r
ω
α
     
− −
−           
∝   
−  −        
 [II.4]
  
where ( )xyM r  represents the x-y component of the initial longitudinal magnetization in 
each voxel, 0 ( )zM r , which is a function of spin density in the voxel at r . ( )1T r  is the 
spin-lattice relaxation time due to the interaction of spins with their surroundings and is 
characteristic of the molecular structure of the voxel. ( )2T r  is the spin-spin relaxation 
time due to interaction with other spins in the vicinity of the voxel and local B
 
field 
inhomogeneity. 0zM  (spin density), 1T  and 2T  are the three most important contrast 
mechanisms in MRI (9). Pulse sequence parameters, TR and TE are the repetition and 
echo times respectively, that are used to determine whether the image shows a contrast 
map predominantly of the spin densities, T1 relaxation properties or the T2 relaxation 
properties of the tissues.  
For GE images, an analysis of equation [II.4] for flip angle criterion shows that 
small tip angle eliminates the influence of T1 on the image weighting. Only large spatial 
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variation in the flip angle causes changes in the image weighting. Furthermore, with  
( )0 0 sinxy zM M rα =    GE pulse sequence is robust for small variation in flip angle and 
hence, homogeneity. However, large variations can result in images that are of no 
diagnostic or analytical value. 
For SE pulse sequence, however, it has been shown that ( )0 0 3sinxy zM M rα =    
(10). This implies that the signal from each voxel is very sensitive to the local B1 field 
amplitude. Small variations in B1 homogeneity could lead to large contrast variations. 
Therefore SE pulse sequence is very sensitive to B1 field variations, requiring a high 
degree of homogeneity. 
Volume RF coils have been used extensively for the generation of uniform B1 
fields. These coils work on the principle that a current distributed as a sinusoidal 
function of the azimuthal angle, on the surface of an infinitely long cylinder, produces a 
uniform B1 field in the imaging volume.  
II.2. High field imaging 
The interest in high field imaging stems from the fact that the signal intensity 
(SI) increases significantly with increase in field strength. This is evident from the fact 
that  
 ( )0 02SI N MKT
ω
ω
 
=   
?
 [II.5]
  
where SI, the signal intensity increases as the square of the B0 field (9,11). For a well 
designed RF coil where the noise is dominated by the sample, the rms noise voltage 
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increases as the B0 field. Hence, there is a theoretical linear increase in SNR with the B0 
field. Several researchers have reported a linear increase in the SNR with field strength 
(12,13).  
The increase in SNR has significant advantages in terms of spatial, spectral and 
temporal resolution. This is because SNR is the fundamental limitation to increased 
spectral resolution as SNR is linearly proportional to the linear voxel dimension. Since 
SNR increases as the square root of the number of signal averages, the imaging time for 
a given SNR is inversely proportional to the sixth power of the linear voxel dimension 
(14).   
Functional MRI (fMRI) is an application of MRI that is used to analyze brain 
function using blood oxygenation level dependent (BOLD) contrast to detect brain 
response to specific stimuli (15). Therefore, for accurate analysis, high spatial and 
temporal imaging resolution is required. Several studies have shown  the advantages of 
high field strength for fMRI applications (16-26). Proton MR Spectroscopy (MRS) is 
used for characterization of cerebral tumors and for monitoring treatment of epilepsy, 
infection, stroke, multiple sclerosis, trauma, metabolic disorders and degenerative 
processes such as Alzheimer’s and Parkinson’s diseases (27). Improved resolution 
between metabolite peaks, which translates to greater chemical shift, therefore allows for 
greater accuracy in identification and quantification of each metabolite. MR microscopy 
is used to image at sub-millimeter resolutions. All these applications require 
simultaneous spatial and temporal resolution. Clinical imaging applications benefit from 
higher spatial and temporal resolution due to high quality images with fewer motion 
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artifacts due to shorter breath-hold time, resulting in improved patient comfort and 
throughput. It is therefore evident high magnetic field strength offers very significant 
advantages to MR applications due to the SNR advantage and consequent improvement 
in spatial, spectral and temporal resolution. 
The main drawback of high field imaging is the inhomogeneity in B1 field which 
is known to be caused by sample electric properties (6,12,28-36). The formation of a 
characteristic bright central region surrounded by dark bands in the image of a high 
dielectric phantom is due to the dielectric properties of the sample (29,35). Tissues in the 
human body generally have relative permittivity ranging between 50 and 80 at 128MHz 
(28). This results in a reduction of wavelength by a factor of 7 to 9 as compared to free 
space. At the 3T imaging frequency of 128MHz, the wavelength of the B1 field inside 
the body ranges between 26cm and 34cm. These wavelengths are comparable to the 
dimensions of the human body and hence result in phase shifts inside the body. These 
result in the formation of interference patterns inside the body. In addition, the human 
body is approximately cylindrical in shape and behaves as a lens, thereby focusing B1 
field towards the center. At frequencies higher than 128MHz, this effect is only 
compounded further.  
Sample conductivity, on the other hand, causes the B1 fields to attenuate inside 
the sample. Conductivity also results in the formation of local current vortices or eddy 
currents. For linearly polarized fields, eddy currents create characteristic dark spots 
known as quadrupole artifacts (10). At field strength of 1.5T, the quadrupole artifacts 
can be eliminated by circularly polarized B1 fields. 
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Another effect of sample conductivity is the creation of additional parasitic 
capacitances between the load and the RF coil. At field strengths of 1.5T and below, the 
component capacitor values used to resonate the RF coil are very large compared to the 
parasitic capacitance. However, at field strengths greater than 1.5T, the parasitic 
capacitors are of the same order of magnitude as the component capacitors. Therefore, 
asymmetric placement of the sample would lead to unequal frequency shifts in the 
resonant loops of the RF coil, leading to formation of shading artifacts.  
In summary, while high field MRI offers increased spatial, spectral and temporal 
resolution due to increased SNR, B1 field inhomogeneity is a major drawback. B1 field 
inhomogeneity occurs due to the electric properties of the sample such as the sample 
dielectric constant and conductivity and resulting interactions between the sample and 
RF coil. While sample properties cannot be altered, however, good and innovative RF 
coil design may help in optimizing the B1 field homogeneity. The following section lists 
the work done so far in addressing the issue of B1 field inhomogeneity at high B0 field 
strengths.  
II.3. RF volume coils 
A perfectly homogeneous B1 field can be created inside an infinitely long 
cylinder by a surface current Iz such that 
 ( ) ( )0ˆ. sinzI z Iϕ ϕ=?  [II.6] 
where zˆ  is a unit vector along the cylinder axis and ϕ  is the azimuthal angle (37). RF 
volume coils approximate the continuous current distribution of equation [II.6] with 
appropriately placed discrete conductors on a cylindrical surface of finite length.  
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Saddle coils consist of two rectangular loops that are placed diametrically 
opposite to each other on the surface of a cylinder as shown in Fig. 1. The width of the 
rectangular loops is chosen such that the axially directed conductors subtend an angle of 
120o at the center of the cylinder. This has been shown to generate a B1 field of optimal 
homogeneity for four conductors (38). Such a placement of the conductors approximates 
the sinusoidal current distribution of equation [II.6] at six points on the circumference of 
the cylinder.  
 
 
FIG. 1. Schematic of a saddle coil. Figure shows direction of current flow (a) and 
showing axial conductor placement (b). Uniform field is generated in the y direction. 
 
The slotted tube resonator, proposed by Schneider and Dullenkopf (39), is a 
shielded conducting cylinder into which are cut two rectangular windows diametrically 
opposite to each other. The remaining conducting strips subtend an angle of 80o at the 
center. When driven in parallel, they generate a uniform B1 field. The slotted tube 
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resonator uses transmission line elements to resonate at the desired frequency and has 
been used for high field NMR spectroscopy. The Alderman-Grant resonator (40) is a 
modification of the slotted tube resonator with a guard ring, to shield the sample from E 
fields and improve the B1 field homogeneity. The angle subtended by the conductor 
remains the same as in the slotted tube resonator. A further modification of the 
Alderman-Grant generator, due to Kost et al, is to increase the subtended angle to 90o in 
order to improve the B1 homogeneity in the absence of a shield. However, these are 
small coils that are mainly used for spectroscopy where the sample dimensions are in the 
order of millimeters. The coils need to be much bigger, with much larger homogeneous 
volume for human imaging and consequently, there is degradation in homogeneity due 
to the tendency of RF current to concentrate at the edges of the conductor. The Litz 
design proposed by Doty et al (41), is a further modification of Alderman-Grant 
resonator, with the Kost window optimization. Conductors are placed in the form of a 
litz wire in order to overcome the effects of current crowding, thereby improving B1 
homogeneity.  
Hayes et al (2) proposed, what has become, the most popular volume coil in use 
today.  The birdcage coil, whose structure is essentially a ladder network closed on itself, 
supports a sinusoidally distributed standing wave pattern on its rungs. These coils 
generate highly homogeneous B1 fields in large imaging volumes up to B0 field strengths 
of 1.5T to 2T. Birdcage coils can be designed as low-pass, high-pass or band-pass coils, 
depending on the position of the tuning capacitors, as shown in Fig. 2.  
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The Transverse ElectroMagnetic (TEM) resonator, first proposed by Roschmann 
(4) and developed further by and Vaughan et al (5), works on the principle that coaxial 
cavities support propagation of TEM waves in the axial (z) direction. The TEM 
resonator is a resonant, re-entrant coaxial cavity which supports sinusoidally distributed 
standing current waves. These result in the generation of a TEM pattern in the coaxial 
cavity, which is stationary in the z direction. Concentration of the E fields in the space 
between the coaxial conductors results in the formation of uniform B1 field in the cavity.  
The use of distributed capacitors as the tuning elements ensures reliable operation at 
high field strengths. 
 
 
FIG. 2. Schematics of four rung birdcage coils. Low pass (a), High pass (b) and Band 
pass (c) birdcage coil configuration. 
 
Birdcage and TEM coils can be driven at two points that are 90o with respect to 
each other in space and time. Two-port quadrature drive results in the generation of 
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circularly polarized B1 field. This reduces the transmit power requirement by a factor of 
2 and increases SNR by a factor of 2 . 
The main problem of high field imaging is B1 field inhomogeneity. The cause 
can be attributed broadly to two phenomena. These are interaction of rf with the sample 
and the interaction of the sample with the coils structure.  
II.4. Brief overview of transmit array design 
In this dissertation, a volume transmit array system has been built to overcome 
the B1 homogeneity problems at high fields. The system consists of three major 
components. These are the controller module, the RF current element and the volume 
coil which consists of eight current elements placed at equal azimuthal angles apart on 
the surface of a cylindrical former.  
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CHAPTER III 
 
MULTIPLE CHANNEL CONTROLLER MODULE 
 
III.1. Introduction 
The RF front end of a typical phase array antenna system consists of the RF 
amplifier, phase shifters and attenuators. The phase shifters and attenuators are used to 
control the beam pattern and directivity by varying the amplitude and phase of the 
currents on the antenna elements. In antenna literature, these are referred to as beam 
formers (42,43). Digitally (44-46) and optically (47,48) controlled beam formers have 
been implemented by other researchers with sophisticated feedback control loops to 
enable various tracking applications using phased array antennas. 
In this chapter, an 8 channel DC voltage controlled phase shifter/ attenuator 
module or controller module, for short, is designed and implemented as part of the 8 
channel phased array transmit coil system. The transmit coil system is designed to create 
controllable transverse magnetic field patterns in the imaging volume, in high field MRI 
applications. The desired field patterns can be generated by controlling the amplitude 
and phase of the currents in the rungs of the transmit coil. That control is implemented 
by the controller module by setting the DC control voltages to the attenuators and phase 
shifters. A block diagram of the controller module is shown in Fig. 3.  
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FIG. 3. Block diagram of the eight channel controller module. The single RF input is 
split into eight channels. A fixed phased shift of 45o between adjacent channels is 
applied using coaxial cables. A voltage controlled attenuator and phase shifter in each 
channel controls the amplitude and phase of the output voltage. Each channel contains a 
two stage driver amplifier to provide adequate voltage drive to the current sources.  
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III.2. Design specification 
The design specifications of the controller module are as follows: 
• Number of channels : 8 
• Maximum output power from each channel : 27dBm (minimum) 
• Independent manual control of attenuator and phase shifter  
The 8 channel phased array controller module consists of three distinct sets of 
paths: the RF path, the DC bias voltage path and the DC control path. The RF path 
consists of a single RF input into an 8-way, 0o power splitter. The eight outputs of the 
splitter are fed into the eight input ports of an 8-channel voltage controlled attenuator 
and phase shifter and driver amplifier module through coaxial cables that are designed to 
provide fixed 45o phase shifts with respect to each other. The output ports of the 8-
channel module are the output ports of the system.  
The DC bias path provides bias voltages for the small signal driver amplifiers 
and the power amplifier output stages of all eight channels. The DC control voltage path 
connects a DC voltage supply across two sets of eight variable voltage dividers. The two 
sets of eight voltage dividers provide the control voltages to the voltage controlled 
attenuators and phase shifters.  
III.3. Materials  
The components used in the design of the controller module were actually self 
contained modules with well defined functionality. The modules were chosen keeping in 
mind the output power specification for the controller module and then working 
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backwards. The maximum input and output power ratings and the insertion loss of each 
module were taken into account when selecting the modules. 
The ZFSC-8-1 (Minicircuits, New York) was used as the 8-way, 0o power 
splitter. The ZFSC-8-1 is specified to operate in the 0.5MHz to 175MHz frequency 
range with 25dB of isolation, 5o phase imbalance and 0.5dB amplitude imbalance 
between channels and  1dB insertion loss.  
The voltage variable phase shifter used was the JSPHS-150 (Minicircuits, New 
York). The JSPHS-150 is a surface mount device that comes in a hermetically sealed 
package. It is specified to operate in the 100MHz to 150 MHz frequency range with a 
typical insertion loss of 1.2dB. It is specified to provide 180o of linear phase shift over a 
control voltage range of 0-12V.  
The voltage variable attenuator used was the RVA2500 (Minicircuits, New 
York). The RVA2500 is specified to operate over a frequency range of 10-2500MHz. 
The other useful design specifications are insertion loss of -3dB, maximum attenuation 
of -55dB at control voltage of 0 volts and return loss of -20dB. The RVA2500 requires a 
DC supply voltage of +3 to +5V with maximum supply current of 5mA. It is specified to 
operate over a control voltage range of 0-17V with a maximum control current of 30mA. 
The ERA-5SM was used as the first stage driver amplifier. The ERA-5SM is a 
small signal drop-in amplifier that is designed to be used in a 50Ω system. It is specified 
to operate over the DC-4GHz frequency range, providing typical gain of 20dB, with 
18dBm maximum power output. The maximum no damage input power is specified at 
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13dBm. It is designed to operate at a DC supply voltage of 4.2V and supply current of 
65mA.  
The HELA-10D was used as the final amplification stage of the controller 
module. The HELA-10D is specified to operate in the 8-300MHz frequency range, 
providing a gain of 11dB. The output power at the 1dB compression point is specified at 
30dBm with maximum no damage input power of 20dBm. The HELA-10D is rated for a 
DC supply voltage of 12V and supply current of 525mA.  
The HELA-10D is designed as a push-pull amplifier. It is supplied as a kit with 
two ADT1.5-1 transformers, which were used simultaneously as impedance transformers 
and power combiners. The ADT1.5-1is specified to operate in the frequency range of 
0.5-650MHz, with impedance transformation ratio of 1.5 and insertion loss of about 
1dB.  
III.4. Construction 
Once the components to be used in the controller module were chosen, 
construction began with the PCB layout using a computer program (Protel). The circuit 
schematic of a single channel, used to create the layout, is shown in Fig. 4. Four such 
channels were laid out on two boards named A and B for convenience. The footprints of 
all the components, as recommended by the component data sheets, were first created. 
The trace carrying RF power was designed as a microstrip line such that the 
characteristic impedance of the line was 50Ω. The PC board layout was milled out on a 
½ ounce, double sided copper board using a computer controlled milling machine 
(LPKF Protomat C30). 
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FIG. 4. Schematic of a single channel phase shifter and attenuator. The controller 
module consists of eight of these built into two 4-channel submodules. 
  
The boards were populated with the components on their respective footprints. 
PC mount straight SMA connectors were soldered to the ends of the RF traces. Via holes 
were places at regular intervals. The top and bottom ground planes were then shorted 
through the via holes using 20 AWG tinned copper wire. This completed the RF circuit.  
A single supply voltage input was used for all the DC voltage needs. Since the 
HELA-10D operated on a 12V supply and the ERA5SM and RVA2500 operated on 
4.5V, a voltage divider was implemented on board A. For the ERA-5SM, the supply line 
was connected to the bias pin via a current limiting resistor to limit the bias current, as 
shown in Fig. 4. The control voltage lines, like the supply voltage lines, were 
implemented using semi-rigid coaxial cables. This was done in order to minimize 
coupling with the RF line, thereby eliminating the necessity for RF chokes. Fig. 5 shows 
a picture of the board populated with the components and the control and supply lines. 
The two 4 channel boards were then mounted in an aluminium box using spacers. 
Before the boards were mounted, cutouts were made in the aluminium box to 
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accommodate the RF connectors and the 25 pin D-sub connector. A finned aluminium 
heat sink was mounted on the bottom side of the box. Two solid copper bars, ¾ inch 
wide and ¼ inch thick, were stacked inside the box, such that upon mounting the boards 
using ½ inch spacers, the HELA-10D amplifiers would sit smugly on the copper bars. 
This acted as a good heat transfer mechanism.  
 
 
FIG. 5. Picture of the 4 channel attenuator/phase shifter module. (a) shows the phase 
shifter, attenuator and two stages of amplification. (b) shows the routing of the control 
lines and supply voltage lines. 
 
The two 4 channel modules, A and B, were then stacked on top of each other 
such that A was the upper module, and fastened to the base plate of an aluminium 
chassis. The potentiometers providing the variable control voltage were mounted on the 
front plate. The ZSFC-8-1 power splitter was mounted on a side plate towards the rear of 
the chassis. On the back plate of the chassis were mounted the RF input BNC jack, the 
DC supply terminals and a cooling fan. 
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The variable voltages were provided by two banks of 8 potentiometers each, 
which were mounted on the front plate of an aluminium chassis. The potentiometers in 
each bank were connected in parallel to each other. One bank of potentiometers (A) 
provided the attenuator control voltages while the other bank (P), provided the phase 
shifter control voltages. A single DC voltage supply, set to 18V, was used as the control 
voltage supply. However, since the phase shifters used a control voltage range of 0-12V, 
a voltage divider was implemented such that a 12V supply was provided to the 
potentiometer bank, P.  
DC supply and control voltages were transferred between the modules A and B 
through the 25 D-sub connectors. The supply voltage from the back panel of the chassis 
was connected to the supply voltage terminals on module A.  The control voltages from 
the potentiometer banks A and P, were brought to the control boards via a 25 conductor 
ribbon cable, which was connected to module A through a 25 pin D-sub connector.  
All RF connections between modules were made using RG316 coaxial cables 
with either BNC or SMA connectors. The channel numbers were marked out on modules 
A and B. The RF input jack was connected to the input of the power splitter. Eight 
coaxial cables of increasing length were used to connect the power splitter outputs to the 
inputs of the attenuator/phase shifter channels such that fixed phase shifts of 45o at a 
frequency of 127.74MHz were implemented between adjacent channels. The outputs of 
the two modules were then connected to the BNC jacks mounted on the front panel of 
the chassis. 
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III.5. Characterization of controller module 
The controller module built was tested for the following parameters: 
• Maximum output power 
• Linear range of attenuation 
• Linear range of phase shift 
All measurements were made in a RF screen room at an ambient temperature of 
about 25oC. The controller module was allowed to operate at full input power for a 
period of 15 minutes before the measurements were recorded in order to allow it to reach 
thermal equilibrium. Output measurements were made for one channel at a time with all 
other channel outputs terminated in 50Ω and control voltages set at arbitrary levels. 
III.5.1. Attenuation and maximum power 
The test setup used to characterize the controller module for maximum power 
and linear range of attenuation consisted of the HP8712ES network analyzer which was 
used as the RF source. Taking into account the insertion losses of all the modules, the 
input power required to provide the design output power, was calculated to be 11dBm. 
The output power level of the network analyzer was set to 11dBm and the center 
frequency and sweep bandwidth were set to 127.74MHz and 0Hz respectively. The 
attenuator control voltage was varied over the full range of the potentiometer in steps of 
1 volt. A multimeter was used to measure the amplitude of the control voltage.  
The controller module channel output under test was connected to a spectrum 
analyzer which measured the output power of the channel. Using a T connector, the 
channel output was also connected to the input port of an oscilloscope through a λ/2 
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coaxial cable in order to measure the output voltage amplitude. The impedance of the 
termination at one end of the λ/2 cable is transformed to the same value at the other end. 
The input impedance of the oscilloscope measurement port was therefore set to 1MΩ so 
that there was negligible transfer of power to the oscilloscope.  
Fig. 6 shows the plots of the output power measurements against the control 
voltage. The plots show linear variation of output power for control voltage amplitude in 
the range of 5-17V. The maximum output power is found to be 26.6dBm for all 
channels. When the input power to the controller module was increased by 3dB, the 
maximum output power of all channels was found to be 30.4dB. Further increase in 
input power did not result in any increase in the output power. The increase in insertion 
loss of the controller module from the calculated value could be attributed to line losses. 
Fig. 7 shows the plots of the linear range of the output voltage measurements 
against the control voltage. This measurement is presented here because it is a more 
useful result than the output power for the operation of the RF current source described 
in the next chapter. 
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FIG. 6. 8 channel output power vs. DC control voltage. The range of DC control 
voltages over which the output power is linear is 5V to 17V. The maximum output 
power is 26.6 dBm. 
 
 
 
FIG. 7. 8 channel output voltage amplitudes vs. DC control voltage. 
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Fig. 8 is a plot of the output voltage of all the channels for a given control 
voltage setting of 8V. This plot shows a maximum variation of 0.2V. This is a small 
variation on the output voltage amplitude. As all channels other than the channel under 
test were set at random control voltages for both the attenuators, this result implies good 
isolation between channels. 
 
 
FIG. 8. Output RF voltage vs. channel number. The control voltage was set to 8V. The 
average voltage is 3.25 volts with a maximum deviation of under 10 percent. 
 
III.5.2. Phase characterization 
The network analyzer was used to make S21 measurements in order to 
characterize the controller module for phase behavior. The network analyzer was 
subjected to a through calibration such that the measured phase shift was that measured 
over the entire RF path of the controller module channel under test. Phase measurements 
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were made with the controller module operating under full power and phase shifts of 
channels other than that under test, set randomly.  
Fig. 9 shows the plots of channel phase shifts with control voltage. The linear 
range of control voltages appears to be between 5V and 10V. The phase of the RF signal 
is shifted through approximately 180o over this range. The phase difference of 
approximately 45o between channels is due to the fixed phase shifts introduced by the 
coaxial cables. The anomalies found in the measurements of channel 4 may be attributed 
to a faulty phase shifter module. The anomaly does not appear to be due to interference 
from other channels because the same measurements were obtained even upon randomly 
changing the phase shifts on other channels. 
 
 
FIG. 9. Phase variation with control voltage. The anomaly in channel 4 may be because 
of a faulty phase shifter. 
 
 
  
 
30 
The output voltage amplitude and phase characteristics shown above may be 
used as look-up tables in order to set the proper DC voltages to obtain the desired RF 
voltage amplitude and phase using computer control.  
III.6. Summary 
In summary, a controller module has been implemented to control the amplitude 
and phase of the RF control voltage that is applied to the voltage controlled current 
source, described in the next chapter. The controller module has been characterized for 
the range of control voltages over which the amplitude and phase of the output voltage 
vary linearly with the control voltage settings. 
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CHAPTER IV 
 
RF CURRENT SOURCE 
 
IV.1. Introduction 
Phased array antennas have been used extensively in telecommunication 
applications for several decades, starting with the short wave radio in the early twentieth 
century (43).The classical phased array antenna system consists of the antenna array and 
the associated feed network, also called the RF front end. The RF front end consists of 
attenuators, phase shifters, T/R switch and Low Noise Amplifiers on the receive path 
and power amplifiers on the transmit path (42). 
More recently, with the ascent of wireless communication, research in phased 
array antenna technology has been directed towards the development of miniature planar 
antenna systems that are integrated with the RF front end (49-52). Such antenna systems 
are called Active Integrated Arrays (AIA). The antenna elements in such AIA form the 
output tuning elements of the active devices (53). 
Phased array antennas have the ability to form directive far field radiation 
patterns as a cumulative effect of the main beams of individual array elements. This is 
achieved by specifying a relative current distribution at the array inputs. The patterns 
formed could also be steered in the desired direction by adjusting the phases of the 
currents on the array elements (43,54,55), thereby eliminating the necessity for 
expensive control equipment to physically turn the antenna in the desired direction. This 
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would necessitate accurate control of current amplitudes and phases on the antenna 
elements.   
The RF power amplifiers are important components of the RF front end of a 
phased array antenna. The RF power amplifiers feed power into the array elements 
through matching networks. The matching networks ensure maximum power transfer 
between the RF amplifiers and the phased array transmitter. Since the matching 
networks are designed for specific impedance transformation ratios, the RF power 
amplifiers can be modeled as voltage sources connected across the array elements. The 
current on the array element is then determined by the impedance presented to the 
matching network in addition to the applied voltage. This is known as a free excitation 
scheme. In the presence of other array elements in the vicinity, the impedance presented 
to the matching network is a function of the current amplitude and phase on each of 
those elements (43,54). This is due to the unavoidable electromagnetic phenomenon of 
mutual impedance. Therefore, in order to be able to exercise accurate control over the 
amplitudes and phases of currents on each array element, it is essential to have an 
accurate knowledge of the mutual impedances.   
In the context of MRI, the interest is in generation of uniform, near magnetic 
field, the B1 field. This is, of course, generated by currents on the antenna elements. It 
would therefore be desirable to accurately control the current amplitude and phase on the 
rungs of the transmit coil. The transmit coils are designed as resonant structures that are 
excited by an RF amplifier which can be modeled as a voltage source. Through Finite 
Difference Time Domain (FDTD) simulations (33,56), it has been shown that the 
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optimal field homogeneity may be achieved through multi-port excitation of a RF coil 
with independent control of excitation amplitude and phase. However, with the currently 
used free excitation scheme, it would be essential to accurately know the mutual 
impedances between the strongly coupled loops of the transmit coil in the presence of 
the load in order to accurately set up the currents required to create the desired B1 field. 
This would be a very tedious process and very sensitive to load position and 
composition. A simple way to implement multi-port excitation would then be to use 
forced current excitation such that each array element would be driven by an RF current 
source at the Larmour frequency.  
In this chapter, the implementation of such a forced excitation scheme is 
discussed. A voltage controlled RF current source integrated with an array element or 
rung is implemented utilizing the concepts of MOSFET based power amplifier design 
and Active Integrated Antennas.  The conditions under which the MOSFET behaves as a 
true voltage controlled RF current source are experimentally verified. The ability to 
independently control the rung current amplitude and phase by varying the control 
voltage amplitude and phase is demonstrated. The resonant behavior of the rung is 
studied. 
IV.2. Theory 
IV.2.1. Classical amplifier design 
Fig. 10 shows the block diagram of a classical MOSFET based power amplifier 
design. The MOSFET is a three terminal voltage controlled active device. The steps 
involved in the fabrication of the MOSFET are described in appendix A. A detailed 
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explanation of the principle of operation of a MOSFET based Class A power amplifier is 
given in appendix B, along with a description of other classes of linear amplifiers.  
 
 
FIG. 10. Design of a conventional MOSFET power amplifier. The drain voltage supply 
is used to set the MOSFET in the saturation region. The gate voltage sets the operating 
point of the MOSFET. The output and input matching networks provide conjugate match 
for maximum power transfer. CB is the DC blocking capacitor which is a short for RF. 
 
The steps involved in the design of the above power amplifier are well 
documented (57-61) and are summarized below: 
• The MOSFET is placed in the saturation region of its characteristic by providing 
an appropriate DC supply voltage at the drain terminal via the RF choke. 
• The operating point or the quiescent current of the MOSFET is set by providing 
the appropriate DC supply voltage at the gate terminal. This determines the linear 
class of operation of the RF power amplifier. 
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• Since the internal resistance of the MOSFET is very high, the output impedance 
of the MOSFET is given by the output capacitor, Cos. The optimum load of the 
MOSFET is calculated as (explanation in appendix B) 
 
( )2
02
DD DSat
L
V V
R
P
−
=  [IV.1] 
The output impedance is then given by 
 
osout L C
Z R jX= −  [IV.2] 
 where 
osC
X  is the capacitive reactance due to Cos and RL is the virtual load 
resistance. 
• For maximum power transfer to a standard 50 ohm load, such as a coaxial cable, 
the output matching network (62) is implemented. The output matching network 
conjugate matches the output impedance of the MOSFET given by [IV.2] to the 
50 ohm load as shown in Fig. 10. The impedance looking into the matching 
network is given by 
 
osom out L C
Z Z R jX∗= = +  [IV.3] 
• The input matching network is then implemented to conjugate match the 50 ohm 
source impedance to the input impedance of the MOSFET as shown in Fig. 10, 
where 
 
isim in in C
Z Z R jX∗= = +  [IV.4] 
where Rin is the input resistance of the MOSFET due to the gate contact. 
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Therefore, a key feature of the MOSFET RF amplifier is that the MOSFET is 
used to drive current through a high resistance load. This creates a voltage drop across 
the load. RL is a virtual load presented to the MOSFET by the output matching network. 
The MOSFET therefore drives current through the components of the output matching 
network. Therefore, amplified power is transferred to standard load or next amplification 
stage through the output matching network.  
IV.2.2. RF current source 
Fig. 11 shows the circuit schematic of the MOSFET RF voltage controlled RF 
current source. The RF current source design is a modified version of the classical RF 
power amplifier, where the virtual load resistance, RL, of Fig. 10 has been replaced by 
the array element (rung), represented by a series LCR network. The MOSFET is shown 
as a voltage controlled current source, integrated with the rung. The lumped element 
inductor and resistor represent the distributed inductance and series resistance of the 
rung. The variable capacitor is used to tune the rung to series resonance. This circuit 
design therefore uses the MOSFET to drive RF current through the low resistance rung. 
In the absence of an output matching network, there is no mechanism to 
compensate for Cos. Hence, Cos appears as a shunt reactance across the rung and serves 
to divert current from the rung as the magnitude of rung impedance approaches 
osC
X .  
This makes it necessary for the rung impedance to be as small as possible, compared to 
osC
X . 
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FIG. 11. Current source driving current through the rung. In the above schematic, the 
MOSFET is represented by a voltage controlled current source. Cos includes the output 
capacitance, and the total capacitance in the feedback path. Llead represents the package 
lead inductance. The rung is represented by a series LRC network. The variable 
capacitor is used to set the impedance of the rung. 
 
The key requirements of the RF current source are that the rung current 
amplitude and phase vary linearly as the input voltage amplitude and phase respectively. 
This would enable predictable and simple control of rung currents over the entire range 
of the current handling capacity of the MOSFET. Another requirement is that the current 
amplitude and phase are independent of each other. This would ensure linearity in 
response of the RF current source to the input voltage stimulus. The following sections 
test the RF current source for the above specifications. 
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IV.3. Materials  
IV.3.1. The RF power MOSFET 
The BLF245 is an N-channel, enhancement mode RF power MOSFET, 
manufactured by Philips Semiconductors, ADDRESS. Table 1 lists the important design 
parameters of the BLF245, extracted from the datasheet. The BLF 245, which is 
fabricated on a silicon die, comes enclosed in an SOT 123A plastic package.  
 
Table 1 
Symbols and definitions. List of important BLF245 MOSFET (Philips Semiconductors) 
datasheet parameters used in the design of the RF current source. 
Symbol Parameter Conditions Typ. Unit 
Cis Input capacitance VGS=0, VDS=28V, f=1MHz 125 pF 
Cos Output capacitance VGS=0, VDS=28V, f=1MHz 75 pF 
Crs Feedback capacitance VGS=0, VDS=28V, f=1MHz 7 pF 
VT Threshold voltage ID=10mA, VDS=10V 3.2 V 
gfs Forward transconductance ID=1.5A, VDS=10V 1.9  
 
 
The SOT 123A is a four terminal package with a flange as shown in Fig. 12.  The 
source metallization on the MOSFET die are wire bonded to the package source 
terminals. The package source terminals are shorted in order to provide a robust ground 
to the MOSFET. The drain and gate metallizations on the MOSFET die are similarly 
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wire bonded to the drain and gate package terminals, respectively. The MOSFET die is 
mounted on the flange, which is electrically insulated from the source terminals. The 
flange is used to conduct heat away from the MOSFET die and into the heat sink.  
 
 
 
FIG. 12. A schematic of the SOT123A plastic package. Figure shows the Drain (D), 
Gate (G) and Source (S) terminals. Also shown is the flange which is electrically 
insulated from the terminals and serves to conduct heat away from the MOSFET and 
into the heat sink. 
 
IV.3.2. The printed circuit board 
The PCB layout that was used to implement the RF current source schematic is 
shown in Fig. 13. The board layout was made using a freeware version of Protel which 
was released in 1994 and allows a maximum of twenty five components to be placed on 
the layout. A two sided copper board of dimensions with G-10 dielectric was then milled 
using a computer controlled milling machine (Protomat C30, LPKF corporation).  
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FIG. 13. Layout of the MOSFET based RF current source. The input matching network 
and part of the output circuit are marked out. R is the hole through which the rung enters 
the coil cavity. 
 
It can be seen in Fig. 13 above, that the majority of the board area is taken up by 
the ground plane The RF and DC conductive paths make up a very small percentage of 
the total board area. This is good design practice that properly defines a ground plane by 
minimizing inductance between any two points on it. A similarly dimensioned PCB was 
used as a base plate to lend structural strength to the main PCB. 20 AWG bare copper 
wires were then inserted into the corresponding via holes on the top and bottom PCB’s 
and soldered to the copper so as to create a continuous and well defined ground plane.  
The via holes were placed at ½ inch intervals to ensure good continuity between the top 
and bottom ground planes.  
As shown in Fig. 13, the layout has traces for the input RF voltage, output RF 
current and DC bias voltages. These traces were designed as microstrip lines with an 
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extensive ground plane on the bottom side of the PCB. The points where the continuity 
of the traces is broken correspond to the points where the components of the matching 
network were mounted. The output trace was also broken where the DC blocking 
capacitor and one of the rung capacitors was mounted. The rectangular hole that is 
visible in the output trace is where the rung broke through the RF shield and entered the 
coil cavity.   
IV.3.3. Mounting the BLF245 
The BLF245 was inserted from the bottom of the reinforced board through the 
hole made for it. It was then positioned with the drain terminal facing the rectangular 
hole in the RF trace. The flange was then positioned between the top PCB and the heat 
sink, described in section (IV.3.7). The corresponding holes on the PCB, flange and the 
heat sink were aligned and fastened firmly together with non-magnetic machine screws. 
Before placing the heat sink under the flange, thermal compound was sparingly applied 
to the bottom of the flange to maximize contact area between the flange and heat sink. 
This prevented overheating of the MOSFET by efficiently transferring heat to the heat 
sink for dissipation to the atmosphere.  
The gate and drain leads of the MOSFET were then soldered to the input and 
output RF traces. The two source leads were soldered to the ground plane on the top of 
the board. Before the MOSFET was mounted, strips of copper tape were used to connect 
the top and bottom ground planes through the mounting hole. This was done to properly 
ground the source terminals of the MOSFET in order to ensure stability during RF 
operation of the MOSFET into a low resistance load.  
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IV.3.4. The DC bias voltages 
Two Astron DC voltage supplies rated at 13.8 volts and 12 amps output were 
connected in series, thereby making up a DC power supply unit rated at 27.6 volts and 
12 amps as explained in appendix B. This set the MOSFET in the saturation region of its 
DC characteristic, where it behaves as a voltage controlled current source. 
Bench measurements on the RF current source were made in both, the continuous 
wave mode (CW) and the pulsed mode. For the pulsed mode, a TTL blanking pulse was 
taken from the blanking output of the system cabinet of the GE Signa 3T scanner at GE 
Medical Systems. This pulse was inverted using a simple op-amp unity gain inverting 
circuit. A rectangular pulse of amplitude 3.6 volts at a 10 percent duty cycle was 
obtained from the inverter and supplied to the MOSFET gate. The timing of the shaped 
input pulse was synchronized internally with the blanking pulse. Hence, the MOSFET 
was biased ON only for the duration of the pulse.  
For the CW mode, a simple resistive voltage divider was implemented. The gate 
bias was adjusted to 3.6 volts. The quiescent current, IDQ, was measured to be 2 amps.  
This made the current source of operating class AB (see appendix B).  
IV.3.5. Output circuit 
The output circuit of the MOSFET consisted of the array element or rung. One 
end of the rung was connected to the drain terminal of the MOSFET through the 
rectangular opening, R, shown in Fig. 13. The rung was broken up into five segments by 
four chip capacitors, each of 47pF capacitance. This was done to increase the uniformity 
of current amplitude along the z direction and also to push the self resonance frequency 
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of the rung higher. The other end of the rung was connected to the RF shield by a 
trimmer capacitor (Johanson Dielectrics, Sylmar, CA). The range of the trimmer was 
chosen such that the rung impedance, as measured from the drain terminal of the 
MOSFET, varied from capacitive to inductive through a series resonance point.  
Two air core inductors were implemented by winding 10 turns of a 20 AWG 
copper magnet wire around a plastic former. The diameter of the inductors was 0.5cm 
and the inductance of each inductor was measured to be 125nH. Two of these connected 
in series in the drain supply DC path acted effectively as a high current RF choke. This 
is shown in Fig. 13. 
IV.3.6. Input circuit 
The power source for the RF current source was a driver amplifier. This 
amplifier was designed to operate in a 50 ohm system. Therefore the source impedance 
for the RF current source was 50 ohms, which had to be matched to the input impedance 
of the MOSFET for maximum power transfer into the MOSFET and also to prevent 
reflections back into the cable, which would result in formation of standing waves, 
leading to cable coupling problems.  
The input impedance of the MOSFET, with the series resonant load, was 
measured to be (2.3-j9.1) ohms. This measurement was made using a network analyzer 
(Agilent 8712 ES). A long length of 50 ohm coaxial cable connected the network 
analyzer to the input port of the RF current source. The network analyzer was then 
calibrated to measure the impedance at the gate terminal of the MOSFET. This 
procedure ensured that the effects of cable length and trace length were removed from 
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the impedance measurements. The MOSFET was then reintroduced into the circuit and 
the input impedance measured. The input impedance is a complex quantity because of 
the presence of Cis. The matching network was then designed to present the complex 
conjugate of the input impedance of the MOSFET. The matching network therefore 
compensated for the effect of Cis and at the same time, transformed the real part of the 
input impedance of the MOSFET to the source impedance of 50 ohms. 
 
A three element matching ‘tee’ network configuration was chosen due to the fact 
that the Q of the matching network could be controlled by the designer. This would 
mean that the Q of the matching network could be sufficiently reduced to implement a 
broader bandwidth of match. A schematic of the matching network is shown in Fig. 14. 
The Smith Chart option of the network analyzer was used to match the source 
impedance to the input impedance of the MOSFET. The series inductor set the Q of the 
matching network. The series and shunt capacitors were then used to match and tune the 
input impedance of the MOSFET to the 50 ohm source impedance.  
IV.3.7. Heat sink design 
Integration of the current source with the rung as described in chapter III would 
require the PCB to be as close to RF shield as possible for two reasons. One is to 
minimize the length of the rung that is not utilized in the creation of B1 field. The other 
reason is to maintain low coil profile when it is placed on the patient table for patient 
comfort.  The chief requirement for heat sink design was therefore a low profile with 
maximum surface area, allowing free circulation of air.  
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FIG. 14. The three element “Tee” matching network. The matching network conjugate 
matches the input impedance of the MOSFET to the 50Ω source impedance. LQ sets the 
Q of the matching network. CM and CT are the match and tune capacitors, respectively. 
The Q of this matching network is independent of the match and tune capacitors. 
 
A sheet of copper, 0.06 inch thick, was cut into a rectangular piece, 2.5 inches 
wide and 3 inches long. The copper piece was then rolled using a sheet metal roller so as 
to produce a curvature along its breadth. The distance between the rollers was adjusted 
such that the radii of curvature of the copper piece and cylindrical coil former matched. 
This ensured that the entire surface area of the copper piece made good thermal and 
electrical contact with the RF shield.  
Three rectangular pieces of the same dimensions as the PCB were cut out of a 
roll of copper gauze. Rectangular holes corresponding to the one on the PCB were cut 
out to allow passage of the rung. The three pieces were stacked on top of each other and 
then sandwiched between the MOSFET flange and the copper piece described above. 
Thermal compound was applied sparingly at the point of contact with the flange to 
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ensure good thermal conductivity. The gauze pieces acted as fins for dissipation of heat 
though convection.  
IV.4. Methods 
A number of experiments were performed in order to understand the behavior of 
the MOSFET as a voltage controlled current source at RF.  
• Experiments were performed to quantitatively determine the constraints imposed 
by the MOSFET parasitic capacitances and to understand the behavior of the 
MOSFET under different settings of rung impedance. The rung integrated current 
source model of Fig. 11 was validated using a simple computer simulation.  
• Experiments were performed to determine the linear dependence of rung current 
amplitude and phase on the amplitude and phase of the input RF voltage. 
All measurements were made at a center frequency of 127.74 MHz, 
corresponding to the Larmour frequency for a static magnetic field magnitude of 3 tesla. 
The first set of experiments was performed using a continuous wave (CW) sinusoidal 
signal, derived from a frequency synthesizer, as the input signal. The second set of 
experiments was performed using a pulsed, amplitude modulated (AM) sinusoidal 
signal, derived from the system cabinet of the GE Eclipse 3T imaging system. Bench 
measurements were made at an ambient temperature of about 25oC inside a shielded 
room. For the CW rung current measurements, the MOSFET was air cooled with the 
help of a bench fan. This precaution was found to be unnecessary for the AM signal as 
the maximum duty cycle of 10 percent did not result in overheating of the MOSFET.  
Under these conditions, the MOSFET was operated at full power for a period of 15 
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minutes before measurements were recorded. This was done in order to allow the 
MOSFET to reach thermal equilibrium, thereby improving the accuracy and 
repeatability of measurements. 
In order to determine the constraint imposed by the parasitic output capacitance 
of the MOSFET on its behavior as a true current source, the rung impedance was 
measured for various settings of the trimmer capacitor, both with and without the 
MOSFET in the circuit as shown in the schematics of Fig. 15.  
An Agilent 8712ES network analyzer (Agilent) was set in the S-parameter mode 
with a center frequency of 127.74 MHz and sweep band of 20 MHz. A long RG-58 
coaxial cable with BNC connectors was connected at one end to the measurement port of 
the network analyzer through a bias tee and at the other end, to an open BNC panel 
mount jack. The bias tee was used to prevent DC voltage at the measurement port of the 
network analyzer. The network analyzer was calibrated at the terminals of the BNC jack. 
The terminals of the BNC jack were then soldered to the PCB such that the hot terminal 
of the BNC jack was connected to the Drain terminal and the ground terminal was 
connected to the Source terminal of the MOSFET as shown in the layout of Fig. 16. The 
MOSFET was then removed from the circuit and the rung impedance was recorded for 
various settings of the trimmer capacitor. The MOSFET was then reintroduced into the 
circuit and biased with a drain supply voltage of 28 volts and gate supply voltage of 3.6 
volts. The rung impedance was again recorded for the same settings of the trimmer 
capacitor as in the previous measurement. 
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FIG. 15. Schematics showing the measurement of rung impedance. The measurements 
are made with (a) and without (b) the MOSFET in the circuit. The point of measurement 
is indicated by Zrung. 
 
 
 
FIG. 16. PCB layout of the RF current source. The figure shows the measurement point 
of the rung impedance. 
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The network analyzer was then set to the S21 measurement mode with center 
frequency and sweep bandwidth set as above. The long coaxial cable was then connected 
to the source port and the built-in magnetic field probe was connected to the receive port 
of the network analyzer as shown in Fig. 17. With the MOSFET biased as described 
above, the center frequency and Q of the resonant peak was recorded for every setting in 
the range of the trimmer capacitor. The recorded data was then used to accurately 
compute the value of the output capacitance of the MOSFET and was used to validate 
the output circuit model shown in Fig. 11 through a simple computer simulation. 
 
 
 
FIG. 17. Schematic of the placement of a magnetic field probe. The probe is placed 
between the rung and the RF shield which is the ground plane. 
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In order to determine the linear dependence of rung current amplitude and phase 
on the amplitude and phase of the input voltage, the latter was derived from the pulse 
sequence generator, housed in the system cabinet of the GE Eclipse 3T MRI system (GE 
Medical Systems in Waukesha, Wisconsin). The pulsed sinusoidal carrier was amplitude 
modulated (AM) with a sinc waveform. The AM signal at 3dBm power level was then 
amplified by a power amplifier (Minicircuits, 34dB gain, 5W maximum output power), 
attenuated to 15dBm and fed to the input of the controller module. Only channel one of 
the controller module was used and the other channels were terminated in 50 ohms. The 
output of channel one was fed to the input port of the RF current source. 
A TDS 3054 (Tektronix) oscilloscope was used to measure the input voltage and 
the rung current. The rung current was measured as a voltage drop across a 10nF 
capacitor. The capacitive reactance of the 10nF capacitor was measured to be 2Ω. The 
input impedance of the measurement ports of the oscilloscope was set to 1MΩ and 
coaxial cables of length λ/2 were used to make voltage measurements. The λ/2 cables 
transferred the 1MΩ input impedance of the oscilloscope measurement ports to the point 
of measurement, thereby leaving the signal path on the RF current source undisturbed. 
The port shunt capacitance of the oscilloscope was specified at 15pF. This corresponds 
to a capacitive reactive reactance of 80Ω. Since this is large compared to the reactance 
presented by the 10nF capacitor, rung current was not influenced by the measurement 
apparatus. 
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The input voltage to the current source was measured at the output of the 
controller module. The current through the rung was measured indirectly by measuring 
the voltage drop across a 10nF capacitor connected in series with the rung. The power 
output of the controller module was ramped up in steps, maintaining the phase control 
constant. Voltage measurements were recorded at the output of the controller module 
and across the 10nF capacitor for each amplitude setting of the controller module. The 
phase relationship between the input voltage and the output current was also recorded for 
each setting.  
IV.5. Results and discussion 
IV.5.1. Determination of design constraints for RF current sources 
In order to determine the range of rung impedances over which the amplifier 
behaves as a current source, it is essential to precisely determine the value of the 
parasitic output capacitance, Cos. Fig. 18a is a plot of the measured rung impedances for 
various settings of the trimmer capacitor, both in the presence (i) and absence (ii) of the 
MOSFET at a frequency of 127.74 MHz. At the trimmer capacitor setting of 17.5pF, 
corresponding to a rung impedance of (2.5+j15.5) ohms, plot (a) exhibits a parallel 
resonance peak. Since at parallel resonance, the reactances cancel out, the value of the 
capacitive reactance can be deduced from the above result to be   
 15.5
osC
X j= − Ω   
 
1 80.3
os
os
C
C pFj Xω= =  [IV.5]  
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Both plots, (i) and (ii), show a coincident dip in the measured impedance for a 
trimmer capacitor setting in the range of 7.02pF to 9.77pF. The lowest value of rung 
impedance occurs at series resonance and is purely resistive. The value of the trimmer 
capacitor at the point of series resonance of the rung is 8.8pF. 
The rung forms a resonant loop with Cos, according to the output circuit model 
shown in Fig. 11. This loop is henceforth referred to as the output circuit loop. The 
resonance frequency of the output circuit loop depends on the value of the trimmer 
capacitor. Fig. 18b is a plot of the center frequency of the output circuit loop. At the 
trimmer capacitor value of 8.8pF, corresponding to series resonance of the rung, the 
center frequency of resonance of the output circuit loop is shown to be 134 MHz. The 
value of the MOSFET output capacitance is given by: 
2127.74
134
os
os
C
C C
 
=  +     
 80.5osC pF∴ =  [IV.6] 
[IV.5] and [IV.6] are almost identical, which shows the value of Cos obtained is accurate. 
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FIG. 18. Rung impedance and resonance frequency of output loop. (a) Plots of measured 
rung impedance with the MOSFET in the circuit and biased (i) and without the 
MOSFET in the circuit (ii). The coincident dip in the two plots is the area in which the 
MOSFET behaves as a true current source with respect to the rung. (b) Plot of the center 
frequency of resonance of the output circuit loop with increase in trimmer capacitance. 
When the rung is in series resonance, the resonant frequency of the output circuit loop is 
134MHz. 
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FIG. 19.  Simulated curve of output circuit of RF current source. Simulated curve closely 
approximates the measured curve, thereby validating the output circuit model of the rung 
integrated amplifier shown in Fig. 11. 
 
With knowledge of Cos and the rung impedances for different trimmer capacitor 
settings, a comparison of the calculated values of the impedance of the output circuit 
loop as seen from the rung terminals with the measured values shows close agreement 
up to loop resonance as shown in Fig. 19. Beyond loop resonance, there is a significant 
deviation between the calculated and measured values. The deviation may be attributed 
to semiconductor processes in the MOSFET, which are not accounted for here. 
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A significant conclusion that can be drawn from Fig. 18a is that when the rung is 
tuned to series resonance, it provides an alternative low resistance path to ground for RF 
current and is in parallel with Cos. For this condition, the RF current sourced from the 
MOSFET flows entirely through the rung. The amplitude of the rung current is linearly 
related to the amplitude of the gate voltage. This is confirmed by the result shown in Fig. 
20. The phase difference between the rung current and the input voltage is found to be 
constant at 47o both, with variation in amplitude of the rung current and with variation of 
phase of the RF gate voltage. These results show that the MOSFET behaves as a true 
voltage controlled RF current source for the rung when the rung is tuned to series 
resonance. The series resonant rung, integrated with the MOSFET can therefore be 
termed as a “current element”. The amplitude and phase of the magnetic field generated 
by the current element is linearly dependent on the RF gate voltage. 
When the value of the trimmer capacitor is increased beyond the series resonance 
value, the rung becomes progressively more inductive with consequent increase in the 
magnitude of the rung impedance. It would be reasonable to expect that current in the 
rung would decrease as Cos would divert RF current from the rung. On the contrary, the 
probe measurements presented in Fig. 21 show that the rung current amplitude increases 
beyond series resonance and reaches peak amplitude slightly before the measured 
resonance peak of the rung. One implication of this result is that as the output circuit 
loop moves into resonance, the MOSFET behaves as a voltage source in series with the 
output circuit loop. The other implication is that the transition from a current source to a 
voltage source occurs with the introduction of a series impedance, which moves the 
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circuit into resonance at a lower value of rung inductance. The rung therefore behaves as 
a voltage driven element and can be represented as shown in Fig. 22. 
 
 
 
FIG. 20. Pk-pk RF rung current vs. the pk-pk RF control voltage. The solid line shows a 
linear curve fit applied to the data points. A maximum deviation of 28 percent occurs at 
the lower end of the scales. This would necessitate the use of a look-up table in order to 
set the current amplitude to within 10 percent of the desired value at low current 
amplitudes. At the higher end of the scales, the current amplitude deviates from linearity 
by less than 4 percent. 
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FIG. 21. MOSFET driving a parallel resonant loop. The sensed field due to rung current 
increases beyond series resonance and reaches a peak value when the output circuit loop 
is in resonance as seen by the MOSFET. It is evident that the MOSFET behaves as a 
voltage source in series with the resonant loop. 
 
 
FIG. 22. Schematic of the equivalent circuit of a voltage element. The series capacitance 
is shown to explain the slight shift in resonance tuning of the output circuit loop as seen 
by the MOSFET.  
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Though larger rung currents may be achieved using voltage driven elements or 
voltage elements, the current elements have specific advantages in terms of reduced 
coupling with neighboring elements. It is evident from a comparison of the current 
element and voltage element models that the path traversed by the induced and driven 
currents is the same in a voltage element whereas for a current element, the induced 
current traverses a different loop, whose resonance frequency is shifted from the 
Larmour frequency as demonstrated by the results shown in Fig. 18. The topic of mutual 
coupling and its effect on the independent controllability of the magnetic field amplitude 
and phase is discussed in greater detail in the following chapter. 
The gate bias voltage of the current source discussed thus far is set at 3.6 volts. 
This categorizes the RF current source as a class AB amplifier. The advantage of a class 
AB amplifier lies in its improved efficiency over a class A amplifier because it draws 
less direct current from the supply. However, efficiency is defined only for a standard 
amplifier design as the ratio of the RF power output to the DC power drawn from the 
supply and does not hold good for the RF current source design.  
The disadvantage of a class AB amplifier is that the conduction angle of the 
MOSFET is less than 360o. This means that the MOSFET is turned OFF for some part of 
the input sine wave. This introduces distortion in the output waveform. The fly-wheel 
effect of a resonant circuit, however, completes the waveform. In the context of the 
current source, this implies that the best performance in terms of linear response can be 
expected when the rung is tuned to series resonance.  
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IV.6. Summary 
In summary, the key results of this chapter are: 
• When the rung is tuned to series resonance, the MOSFET behaves as a linear 
current source. 
• The range of rung impedances for which the MOSFET behaves as a true current 
source is limited by the output parasitic capacitance of the MOSFET. 
• The amplitude and phase of the current are linearly dependent on the amplitude 
and phase, respectively, of the input control voltage. 
• The resonance of the loop formed by the rung and the output capacitance is at a 
higher frequency than the Larmour frequency. 
• The MOSFET transitions from a current source to a voltage source as the rung is 
tuned to parallel resonance with the output capacitance of the MOSFET. The 
loop current is higher than in the case of current source operation. However, 
current source mode may be the preferred mode of operation due to reduced 
coupling as will be discussed in the following chapter. 
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CHAPTER V 
 
EIGHT CHANNEL PHASED ARRAY TRANSMIT COIL 
 
V.1. Introduction 
The RF volume coils currently used in MRI, such as birdcage coils and TEM 
coils, are multi-modal resonant structures. The component loops or rungs, which are the 
building blocks of such structures, are tuned to resonance at the Larmour frequency and 
are strongly coupled to each other. Hence, independent control of current amplitudes and 
phases on individual rungs would be difficult to achieve with conventional voltage 
sources as the current on one rung would induce large currents on all the other rungs. 
Hence, any change in the amplitude or phase of the current on one rung would strongly 
influence the amplitudes and phases of currents on all other rungs. 
In the previous chapter, the implementation of a MOSFET voltage controlled RF 
current source, integrated with a rung, has been described in detail. The effects of the 
MOSFET parasitic capacitance, Cos, and rung tuning on the behavior of the MOSFET 
have been discussed. It is shown that the MOSFET behaves as a true current source with 
respect to the rung, when the rung is tuned to series resonance at the Larmour frequency. 
Such a tuning of the rung is henceforth referred to as “Series tuning”. A series tuned 
rung integrated with the current source is henceforth referred to as a “Current element”. 
It is also shown that when the rung is tuned such that it forms a parallel resonant loop 
with Cos, the MOSFET behaves as a voltage source for the resonant loop. Such a rung 
  
61 
tuning is henceforth referred to as “Parallel tuning”. A parallel tuned rung is henceforth 
referred to as a “Voltage controlled element” or “Voltage element” for short. It is also 
shown that for a current element, the center frequency of resonance of the loop formed 
with Cos is shifted substantially from the Larmour frequency. 
The objective of this chapter is to show that a current element is well decoupled 
from the neighboring elements whereas voltage elements are strongly coupled. 
Experimental results are presented to prove that current elements provide superior range 
of current amplitude and phase control as compared to voltage elements. Finally, the 
current elements are placed in a volume coil configuration such that the structure as a 
whole is non-resonant at the Larmour frequency. A non-resonant structure is defined 
here as one in which the coil elements are weakly coupled to each other. The non-
resonant volume coil is then used to demonstrate the capability of controlled pattern 
formation in the imaging volume by suitably adjusting the amplitudes and phases of the 
currents on the current elements. The well known modal patterns of a birdcage coil are 
replicated in a controlled manner by setting up the appropriate currents on the current 
elements.  
V.2. Theory 
V.2.1. Decoupling 
In the previous chapter, the output circuit model of a current element was 
proposed and validated. Fig. 23 is a schematic of two current elements, A and B, placed 
close to each other. It follows from Faraday’s law of electromagnetic induction that any 
current on A induces an emf in B and vice-versa.  
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FIG. 23. Schematic of two elements placed close to each other. A is the test element and 
is tuned first as a current element and then as a voltage element. B is tuned as a current 
element. MAB denotes the coupling between the two elements. 
 
 
FIG. 24. Schematic of element A. Figure shows the induced emf due to current element 
B as a voltage source in series with the rung. The MOSFET, placed in saturation but 
biased OFF, is represented as an open circuit. 
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Let A be the test element with its MOSFET placed in its saturation region and 
biased OFF (VGS < VT, VDS = VDD), but not driven. The MOSFET can then be 
represented as an open circuit due to the high internal resistance in its saturation region. 
Let B be the current element with RF current of amplitude Io flowing through it. Let Eind 
be the induced emf in A due to the current in B. Element A can now be represented by 
the circuit schematic of Fig. 24, where Eind is represented by a voltage source placed in 
series with the rung and the current source is replaced by an open circuit. 
The complex impedance of the loop formed by the series tuned loop and Cos is 
given by 
 
oss rung C
Z R jX= −  [V.1] 
where Rrung is the series resistance of the rung. The rung impedance is a pure resistance 
because of the series tuning of the rung. The amplitude of the induced current in the loop 
is given by 
 
ind
s
s
EI
Z
=  [V.2] 
where 2 2
oss rung C
Z R X= + . Now, let the tuning of the rung be changed such that it forms 
a resonant loop with Cos. The loop impedance, Zp, is then a real quantity and is equal to 
Rrung. The emf induced in A due to B is governed by Faraday’s law of electromagnetic 
induction and remains unchanged for a given current on B, irrespective of the tuning of 
A. The amplitude of the induced current in the resonant loop is therefore given by: 
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ind
p
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EI
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=  [V.3] 
The ratio of the induced currents in the two cases is then 
 
rungs
ratio
sp
RI
I
ZI
= =  [V.4] 
Expressed in decibels, 
 ( ) ( )10 1020 log logratio rung sdBI R Z = −   [V.5] 
From Ohm’s law, the amplitude of current induced in a current element is 
dependent on the magnitude of impedance presented to the induced emf. The impedance 
magnitude is, in turn, governed by the magnitude of Cos since Rrung is ideally, a constant 
and small compared to 
osC
X . Therefore, from [V.4] and [V.5], it is evident that the 
current induced in a current element is less than that induced in a voltage element. This 
statement is quantified experimentally in section (V.4.1). 
V.2.2. Rung current amplitudes and phases for TEM coil modes 
Let N be the number of rungs in the birdcage coil. Let j be the index number of 
the rung such that 0,1,2,......, 1j N= −  and m be the mode number. Then the modal rung 
currents for a linearly excited high pass birdcage coil are given by (63) 
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π
π

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 [V.6] 
For a high pass birdcage coil, mode 0 is the endring mode and is not of much 
interest. Modes 1 through (N-1), where N is the number of rungs, are degenerate modes 
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which occur at the same frequency but are opposite in sense. Therefore, in order to 
calculate the rung currents required to create the birdcage modal patterns, it is sufficient 
to consider the cosine term. 
If the rung currents of another linearly excited birdcage coil are rotated 
geometrically through 90o, phase shifted through 90o and then superimposed on [V.6], 
then the rung current distribution of a quadrature birdcage coil is obtained. Therefore, 
the rung currents on a quadrature birdcage coil are given by 
 ( ) ( ) ( )l j km mmI I i I= + ∗  [V.7] 
where l = j and 3 1
4
Nk j  = + −   .The magnitude and phase of the rung currents are 
given by 
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 [V.8] 
The rung current amplitudes are uniformly distributed over all the rungs for 
m=1,5. The rung current amplitudes are not uniformly distributed for m=3,7 because the 
two excitation points are not orthogonal to each other for these modes. The rung currents 
given by [V.6] and [V.8] generate respectively, linearly and circularly polarized B1 fields 
in the imaging volume. 
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FIG. 25. The 8-channel phased array transmit coil system. In this block diagram, the B1 
field generator of each channel is a current element which consists of a rung integrated 
with a MOSFET voltage controlled current source. The control voltage is supplied by 
the controller module. 
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V.3. Materials and methods 
Fig. 25 shows a block diagram of the transmit coil system. The transmit coil 
system consists of the controller module, described in chapter III and eight current 
elements, described in chapter IV, arranged on a cylindrical former to form a transmit 
phased array volume coil. 
V.3.1. Construction of 8 channel volume transmit array coil 
A cylindrical acrylic former was used as the base structural material for the 
transmit array coil design. The outer diameter of the former was 12 inches and the inner 
diameter was 11.5 inches. The length of the former was 12 inches. Eight rectangular 
acrylic strips, 11 inches long and ¾ inch wide were glued to the inner surface of the 
former at equal radial angles of 45o with respect to each other. Strips of copper tape ¼ 
inch wide and 10 inches long were affixed to the long face of the rectangular strips, 
facing into the cylindrical cavity, such that they were centered on the strips. These were 
the rungs of the RF transmit coil.  
An RF shield made of two flexible copper clad dielectric materials (G-10), 
10mils thick, was tightly wrapped around the outer circumference of the cylindrical 
former. The two components of the shield were capacitively coupled such that it formed 
a continuous conductor for RF but was discontinuous for DC. This design was used to 
minimize eddy current formation on the shield due to gradient waveforms. Small 
rectangular holes which could accommodate a ¼ inch wide copper tape were cut out of 
the RF shield and cylindrical former 1 inch from either end of the former such that they 
opened into the cavity just beside the rectangular strips.  
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FIG. 26. Top view of the completed transmit coil. The rung integrated current sources  
are shown to be mounted on it. (a) is the output of the built-in magnetic field probe, (b) 
is the RF shield, (c) is  the gate voltage input connector, (d) is the trimmer capacitor 
connecting the rung to the RF shield, (e) is the drain voltage input connector and (f) is 
the MOSFET voltage controlled current source. 
 
The PC boards containing the RF current source circuitry as described in chapter 
IV were then mounted on top of the RF shield such that the rectangular opening of each 
PC board was aligned with the hole drilled into the former. The boards were then 
screwed onto the former through the mounting holes on the MOSFET flange. Short 
strips of ¼ inch copper tape were passed through the rectangular holes and soldered to 
the rungs. Each rung was divided into five segments which were connected to each other 
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through 47pF chip capacitors (ATC corp.). At the other end, the rungs were connected to 
a copper strip cut out on the RF shield by passing ¼ inch copper tapes through the 
rectangular holes at the other end of the former. The copper strips on the shield were 
then connected to the RF shield through trimmer capacitors. Fig. 26 shows a picture of 
the completed coil. 
 
 
FIG. 27. Implementation of MOSFET drain DC supply line. The figure shows heavy 
duty air-core RF chokes on the DC return path (a) and series connected RF chokes on 
the supply path to each MOSFET. 
 
The RF current source boards were divided into two groups of four boards each. 
This was done in order to simplify the DC supply connections while at the same time, 
reducing the amplitude of direct current on the conductors connecting the boards to the 
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main supply line. The drain supply traces on boards of each group were connected in 
parallel using 14AWG insulated copper wire. The two groups were in turn connected in 
parallel to an external high current, fixed voltage DC power supply (Astron corp.) 
through heavy duty RF chokes as shown in Fig. 27. The gate supply traces on all eight 
boards were connected in parallel. 
V.3.2. Bench experiments 
A pair of adjacent current elements, which represented the worst case scenario 
for coupling, was chosen arbitrarily in order to test the theory presented in section V.2. 
The two current elements were labeled A and B. All coupling measurements were 
performed on element A, while element B was used as the source for the induction 
current.  
A block diagram of the test setup is shown in Fig. 28. The HP 8712ES network 
analyzer was used as the RF source. The source was set to deliver a single frequency 
output at 127.74MHz at a power level of 15dBm. The output of the network analyzer 
was connected to the RF input connector of the controller module. Channels 1 and 2 of 
the controller module were used to provide the RF control voltage to the inputs of the 
current elements A and B respectively. The remaining channels were all set to maximum 
attenuation and minimum phase shift and terminated in 50Ω.  
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FIG. 28. Coupling between adjacent elements. A block diagram of the test setup for 
bench measurements of coupling between adjacent elements of the transmit coil.  
 
The measurement apparatus consisted of a magnetic field probe mounted on a 
mechanism that would allow the probe to be moved in both the axial and azimuthal 
directions. This enabled the probe to be placed directly under the current element of 
interest at any position along its length. Fig. 29 shows pictures of this mechanism, which 
consisted of a plastic rod that was placed coincidental to the axis of the cylindrical 
former. A spring loaded fixture, which pressed against the inner cylinder, was mounted 
on the rod and fastened firmly to it. The magnetic field probe was fabricated on a small 
copper clad PC board as a 1cm x 1cm trace of copper and mounted on the spring loaded 
fixture. The current induced in the probe was transferred to the measurement apparatus 
by a RG316 coaxial cable, through a lattice balun that was mounted on the plastic rod at 
the mouth of the cylindrical cavity. The balun was used to prevent currents induced on 
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the cable shields from entering the measurement apparatus. This ensured reliable and 
repeatable measurements. 
 
 
FIG. 29. Picture of the magnetic field probe fixture. Figure shows the end plates (a) used 
to support a plastic rod (b). A spring loaded fixture (d) which presses against the inner 
surface of the former is fastened to the rod. A magnetic field probe (e) is mounted on the 
spring loaded fixture and can be placed close to the rung (c) by moving it along the inner 
surface of the cylindrical former. 
 
Two sets of four experiments each were performed in order to obtain the desired 
coupling data. The first set of experiments was performed with element A tuned as a 
current element. The second set of corresponding experiments was performed with 
element A tuned as a voltage element. All experiments were performed in a RF screen 
room. The MOSFETs were externally cooled with a fan. The MOSFETs were allowed to 
run at full power for a period of 15 minutes to allow them to reach thermal equilibrium.  
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The experiments were performed with a continuous wave sinusoidal control voltage. The 
experiments are described as: 
• Experiment 1: Element A was open circuited by disconnecting the drain terminal 
from the rung. The current on element B was ramped up. The magnetic field 
probe was placed under element A. The purpose of this experiment was to 
determine the magnitude of the field sensed by the probe when placed under 
element A due to the current on element B alone. This was a baseline 
measurement. Comparisons between subsequent measurements were made with 
respect to this baseline 
• Experiment 2: The MOSFET drain terminal on element A was reconnected to the 
rung. The MOSFET was turned OFF, with its drain biased to saturation. The 
current on element B was ramped up. The magnetic field probe was placed under 
element A. The purpose of this experiment was to determine the magnitude of 
the current induced in output circuit loop of element A. 
• Experiment 3: The input to element A was ramped up. The MOSFET on element 
B was turned OFF. The magnetic field probe was placed under element A. The 
purpose of this experiment was to determine the magnitude of current driven in 
element A under no influence from element B. 
• Experiment 4: The input to element A was ramped up. The current on element B 
was set to maximum amplitude. The magnetic field probe was placed under 
element A. The purpose of this experiment was to determine the controllable 
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range of the current amplitude on element A for the worst case scenario of the 
neighboring element carrying current at maximum amplitude.  
V.3.3. Imaging experiments 
The MOSFET packages were found to have a magnetic lead frame. A simple 
experiment was performed in order to assess how far from the sample the MOSFET 
would have to be in order to avoid distortion in the images due to static field warping in 
the vicinity of the MOSFET. A cuboidal phantom containing water doped with copper 
sulphate was imaged using a spin-echo sequence in the presence of the MOSFET in a 
GE Omega 4.7T scanner. The MOSFET was moved away from the phantom in ½ inch 
steps after every image taken. It was found that the MOSFET did not distort the image 
when placed 2 inches away from the phantom. Fig. 30 shows the progression of images 
as the MOSFET was moved away. 
A quadrature saddle coil (see Fig. 1 for schematic and section (II.3) for brief 
description) was designed as a receive coil in order to perform imaging experiments. The 
diameter of the receive coil was arbitrarily chosen to be 8 inches. A saddle pair consisted 
of two loops that were placed on a cylindrical former such that they faced each other. 
The conductors on each loop subtended an angle of 120o for optimal field uniformity 
(38). The two loops of the saddle coil were driven in a parallel configuration. Another 
similar saddle pair was implemented on the same cylindrical former such that the two 
saddle pairs were geometrically orthogonal to each other. When the signal from one 
drive point was shifted by 90o in phase, the coil would sense a circularly polarized field 
in the sample volume. Four active decoupling networks were built, two for each saddle 
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pair. These ensured that the receive coil was decoupled from the transmit coil during the 
transmit pulse. 
 
 
FIG. 30. Coronal images of a CuSO4 doped cuboidal water phantom. Images show 
image distortion caused by the magnetic package of the MOSFET. (a) shows the image 
without the MOSFET. (b)-(e) show images with the MOSFET placed 3”, 2.5”, 2” and 
1.5” from the phantom. These show that the MOSFET has to be placed at least 2.5” from 
the phantom in order to obtain undistorted images. 
 
The transmit coil was integrated with the system cabinet of the GE Eclipse 3T 
scanner. It was found that the imaging system had some checks built into it that disabled 
image acquisitions if the system power amplifier was bypassed. The system power 
amplifier had two RF outputs. One was a 13kW output for the body coil and the other 
was a 2kW output for the head coil. The head coil output of the power amplifier was 
attenuated such that the maximum power input to the controller module did not exceed 
15dBm at the maximum transmit gain setting allowed by the system. The eight outputs 
of the controller module were connected to the inputs of the eight RF current sources 
mounted on the transmit coil.  
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The drain DC power supply for the MOSFETs was provided by two 13.6V, 12A 
power supplies (Astron corp.) that were connected in series. In order to prevent 
overheating of the MOSFETs, the gate bias was provided to them only during the RF 
transmit pulse. The unblanking signal which is used to enable the RF power amplifier 
during the transmit pulse, was used for this purpose. The unblanking pulse was found to 
go from 3.6V to 0V during the transmit pulse. A simple unity gain inverter circuit was 
implemented using 741 opamp. The inverted pulse was then supplied to the MOSFET 
gates. The MOSFETs were thus biased to class AB operation during the RF transmit 
pulse.    
The receive coil outputs were connected to a quadrature hybrid. A quadrature 
hybrid is a power combiner which phase shifts one of the input signals by 90o before 
combining with the other signal. The PIN diode bias for the active decoupling networks 
was drawn from four PIN diode bias drivers. The imaging experiments were performed 
using the head coil configuration. Head coils are generally used in MRI as 
Transmit/Receive (T/R) coils. In such a configuration the T/R switch decouples the 
transmit chain from the receive chain and hence, there is no requirement for the PIN 
diode drivers. However, since the system under test was a transmit only/receive only 
system, the coil configuration was modified such that the PIN diode drivers were 
activated during the transmit pulse such that the transmit and receive coils were 
decoupled. The transmit loops were passively decoupled from the receive coil by using 
back to back diodes in series with the rungs (see Fig. 13). This step was necessary 
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because even though the current elements were sufficiently decoupled from each other 
for transmit purposes, they were not decoupled sufficiently from the receive coil. 
The receive coil was centered inside the cavity of the transmit coil. A cylindrical, 
homogeneous silicon oil (εr = 2.2, σ = 0 S/m) phantom, used for all imaging 
experiments, was placed in the imaging volume of the receive coil. With the network 
analyzer (HP8712ES) alternatively set in S11 and S21 modes, the match, tune and 
isolation capacitors on the receive coil were iteratively adjusted until the return loss and 
the isolation between the orthogonal saddle coils were less than -20dB.  
With the system now set up for imaging, an appropriate pulse sequence had to be 
chosen for imaging. A Spin Echo (SE) sequence would be the ideal sequence to 
demonstrate the B1 field patterns of the transmit coil due to the cubic dependence of the 
signal intensity on the amplitude of the B1 field (10).  However the low current handling 
capacity of the MOSFETs used would not ensure a 90o flip angle in the center of the 
phantom. Therefore, Gradient Echo (GE) pulse sequence with low flip angle and short 
echo time (TE) was chosen as a viable alternative, to obtain the images. The imaging 
parameters are listed in Table 2. From equation (II.4), it is evident that a low flip angle 
minimizes T1 effects and short TE minimizes T2 effects. The resulting images, 
therefore, were spin density maps, which are a better approximation of the B1 fields. 
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Table 2 
List of imaging parameters. The parameters listed are used to image the silicone oil 
phantom with the transmit coil array. These parameters are entered into the GUI on the 
control computer of the GE Eclipse 3T imaging system. 
Imaging parameter Setting 
Imaging plane Axial 
Dimensions 2 
TE 20 ms 
TR 800 ms 
Flip angle 20o 
Field of View (FoV) 48 cm 
Slice thickness 5 mm 
Number of slices 1 
Image matrix size 128 X 256 
NEX 1 
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A MATLAB code was written using equations [V.6] and [V.8] to calculate the 
current amplitudes and phases on the current elements required to set up linear and 
quadrature birdcage mode patterns. The current amplitudes and phases on the current 
elements were set using the controller module. For linear birdcage mode patterns, the 
relative phase between the current elements was set to zero and only the current 
amplitudes were adjusted. For the quadrature birdcage mode patterns, the current 
amplitudes were set to fixed ratios and only the relative phases were adjusted. All the 
images obtained were compared to simulated field patterns of birdcage coil modes.  
V.4. Results and discussion 
V.4.1. Bench experiments 
The B field sensed by the probe under the open circuited current element A, due 
to current element B alone, is a baseline measurement and is a good reference for 
subsequent measurements recorded at the same location. Comparisons are drawn as 
ratios between the induced currents in series and parallel tuned circuits as described by 
equation [V.4].  These are expressed as differences in the logarithmic scale as described 
by equation [V.5].  
A current on the rung generates a magnetic field, whose amplitude is 
proportional to that of the rung current. The magnetic field, in turn, induces an emf on 
the magnetic field probe placed close to the rung. The amplitude of the current induced 
is proportional to the amplitude of the magnetic field and hence to that of the rung 
current. The measurement, recorded as a power level, is proportional to the square of the 
current on the probe. However, from equation [V.5] and the fact that 
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( ) ( )20log 10logs p s pI I P P= , difference in dB of the recorded probe power 
measurement reflects the same difference in dB, in rung currents.  
With reference to Fig. 31, the average increase in B1 field strength sensed by the 
magnetic field probe due to current induced by current element B in series tuned rung of 
element A is 13.6dB. This means that with the MOSFET in A turned OFF, the B1 field 
generated by the induced current is a factor of 4.8 higher than that due to element B 
alone. For the parallel tuned case, the increase in field due to induced rung current is 
29.12dB by average or a factor of 28.6 over the baseline. The average difference in the 
measured induced currents in the series and parallel tuned cases is 15.52dB.  
The resistance of the series tuned rung (current element) is measured to be 0.4Ω. 
The impedance of the parallel tuned rung (voltage element) is measured to be 
(2.7+j15.8)Ω. Therefore, the impedance of the series tuned loop at a frequency of 
127.74MHz is (0.4-j15.8)Ω and the impedance of the parallel tuned loop at the same 
frequency is 2.7Ω. Substituting these values in [V.4] and [V.5], the current in the voltage 
element is found to be greater than that in the current element by 15.34dB. The 
calculated and measured values are in good agreement. 
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FIG. 31. Plots of B1 field measurements. Measurements are made using the magnetic 
field probe placed directly under element A. The baseline measurement was made with 
A open circuited. The series tuned and parallel tuned measurements were made with A 
tuned as a current element and voltage element, respectively. The average differences in 
dB, between the measurements are shown. 
 
The results presented above show that the induced current in a current element is 
a factor of 6 less than that induced in a voltage element. This is due to the fact that in a 
voltage element, the driven and induced currents traverse the same resonant path. In a 
current element, the driven current traverses the loop formed by the series tuned rung 
and the current source while the induced current traverses the loop formed by the same 
rung and Cos, since the internal resistance of the current source is very high.  It is 
therefore evident from the theory and results presented that a smaller value of Cos results 
in improved suppression of induced current.  
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The curves shown in Fig. 32 are plots of B1 field measurements made under 
element A with both elements tuned as current elements. Curve (a) is a plot of 
measurements due to the current on element B alone. This is the baseline measurement 
shown in Fig. 31 above. Curve (b) is the plot of the B1 field sensed by the probe due to 
the induced current on element A. Curve (c) represents the B1 field sensed by the probe 
due to current in element A alone and curve (d) represents the resultant B1 field sensed 
by the probe due to the current on element A with element B carrying maximum current. 
This represents the worst case scenario for coupling between neighboring current 
elements. 
Curve (d) can be divided into three regions as shown above. In region 1, the field 
sensed by the probe is predominantly due to the currents induced on element A by 
current on B. Region 2 is where the magnitude of current on A is comparable to that 
induced by B. Hence the field sensed by the probe is the resultant field due to the 
resultant of the driven and induced currents on A. Region 3 is where the driven current 
in A dominates the induced current due to B and the magnetic field probe senses the 
field predominantly due to A. 
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FIG. 32. Controllable range of rung currents on current element. Curves show the 
controllable range of current amplitudes and phases on the current element. (a) is the 
baseline measurement, (b) is the sensed field due to induced current on current element 
A, (c) is the sensed field due to driven current on A with the current element B tuned 
OFF and (d) is the sensed field due to driven current on A with element B carrying 
maximum current. Region (1) of curve (d) is induced current dominated and region (3) is 
driven current dominated. The current probe senses the resultant current due to driven 
and induced currents on A in region (2).   
 
  
84 
The curves in Fig. 33 correspond to those in Fig. 32 and are due to element A, 
tuned as a voltage element. Comparison of curves (b) and (c) in this case shows that the 
induced current is on an average, only 5.2 dB down from the driven current. This is only 
a factor of 1.8 less than the driven current. For the worst case scenario of maximum 
current on element B, the driven current on element A never completely dominates the 
induced current. This is borne out by the fact that curve (d) can be divided into only two 
regions where region 1 is induced current dominated and region 2 represents the 
resultant field due to the driven and induced currents. 
The field measurements have been made with a small magnetic field probe 
placed very close to the rung in order to reflect the behavior of the current on the rung 
under consideration. The baseline measurement confirms that the field due to a 
neighboring rung is well attenuated at the point of measurement so that the field probe is 
sensitive to small currents on the rung under consideration, whether induced or driven.  
The results presented for a voltage element show that significant induced currents 
from neighboring elements determine the amplitude and phase of the resultant B1 field.  
While it may be easy to predict the amplitude and phase of the resultant B1 field due to a 
pair of elements, introduction of an arbitrarily large number, N, of such voltage elements 
in the vicinity would make such a prediction a complicated exercise. The reverse 
problem of determining the amplitude and phase of the drive voltages for the N 
MOSFETs, required to generate a desired B1 field at some arbitrary point in space would 
be highly complex and perhaps, untractable. 
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FIG. 33.  Controllable range of rung currents on voltage element. Curves show the effect 
of induced currents on the controllable range of current amplitude and phase on voltage 
element, A. (a) is the baseline measurement, (b) is the sensed field due to induced 
current on element A, (c) is the sensed field due to driven current on A and (d) is the 
sensed field due to driven current on A under worst case conditions of maximum current 
on B. This set of curves shows that there is no region dominated by the driven current on 
A. 
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The results presented for the current element show that independent control of 
the amplitude and phase of the B1 field may be achieved in region 3. This means that 
current elements generate B1 fields whose amplitude and phase are completely 
determined by the driven current on the respective rungs and by extension, the MOSFET 
drive voltage, regardless of the number of neighboring elements. It would therefore be 
an easy problem to achieve the desired B1 field at any arbitrary point in space because of 
the exact knowledge of the B1 fields generated by the current elements. In the following 
section, imaging results are presented to demonstrate this property of current elements. 
V.4.2. Imaging experiments 
The images obtained using several combinations of current elements and current 
amplitudes and phases on them are shown in appendix C. The imaging results presented 
in this section demonstrate the capability of the transmit array to generate controlled B1 
patterns by linearly adjusting the amplitudes and phases of the currents on the current 
elements. 
The simulated field patterns of the degenerate modes of an 8-rung TEM 
resonator, excited at a single port, are shown in row (A) of Fig. 34. These modal field 
patterns are generated by current amplitude distributions as shown in the corresponding 
charts in row (C). For single port excitation, the relative phase between the rung currents 
is zero. Images obtained by setting up similar current amplitude distributions on the 
current elements that make up the transmit array show field patterns that are in close 
agreement with the simulated results. It should be noted however, that with the transmit 
array, the modal patterns are generated at a single frequency, the Larmour frequency, by 
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independently controlling the current amplitudes on the current elements. This 
demonstrates the advantage of independent control of current amplitude on the current 
elements. 
The simulated field patterns of the degenerate modes of a quadrature excited 8-
rung TEM coil are shown in row (A) of Fig. 35. In this case, the modal field patterns are 
generated by the current phase distributions on the rungs as given by the charts shown in 
row (C). The current amplitudes are held constant and equal on all the rungs. 
Comparison of the real and simulated images shows that there is a good correspondence 
between modes 1 and 5. This could be explained by the fact that excitation ports are 
orthogonal to each other for modes 1 and 5 and hence the fields do not interfere with 
each other. For modes 3 and 7, the excitation points are not in quadrature and hence the 
currents do not add up to produce circularly polarized fields. In the case of the transmit 
coil, the current amplitude was held constant on all the rungs and the phase was varied, 
thus creating modal patterns that closely match the simulated patterns.  
The bright spots seen at the edges of both, the simulated and real images is due to 
the fact that the phantom almost completely filled the cavity of the receive coil. Since 
the magnetic flux density is the highest near a current carrying conductor, the B1 field 
patterns show bright spots in these regions. 
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FIG. 34. Modal patterns of a linearly excited resonant coil. Generation of modal patterns 
of a linearly excited resonant coil such as a TEM coil using the transmit array with a 
non-resonant structure. The figure is a [3 x 4] matrix with rows labeled (A)-(C) and 
columns labeled (a)-(d). The simulated modal patterns of an 8 rung TEM coil are [(A), 
(a)-(d)] are obtained by exciting the modes at their characteristic frequencies of 130.38 
MHz (a), 131.94 MHz (b), 132.9 MHz (c) and 133.23 MHz (d). These modal patterns 
are generated at a single frequency (127.74 MHz) by the non-resonant transmit phased 
array [(B), (a)-(d)] by setting the current amplitude distributions on the current elements 
as shown in the charts of [(C), (a)-(d)]. The relative phases are set at zero. 
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FIG. 35. Modal patterns of a quadrature resonant coil. Generation of modal patterns of a 
quadrature resonant coil such as a TEM coil using the transmit array with a non-resonant 
structure. The figure is a [3 x2] matrix with rows labeled (A)-(C) and columns labeled 
(a) and (b). The simulated modal patterns of an 8 rung TEM coil are [(A), (a), (b)] are 
obtained by exciting the modes 1 and 5 at their characteristic frequencies of 130.38 MHz 
(a) and 132.9 MHz (b).For modes 3 and 7, excitation at the quadrature points do not 
produce orthogonal fields and hence the resultant fields are not circularly polarized. 
These modal patterns are generated at a single frequency (127.74 MHz) by the non-
resonant transmit phased array [(B), (a)-(b)] by setting the current phase distributions on 
the current elements as shown in the charts of [(C), (a)-(b)]. Current amplitudes are held 
constant for both modes. 
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Mode 7 of the linear excitation image does not seem to agree well with the 
simulated image.  This could be attributed to the fact that as shown in the simulated 
images, the mode 7 B1 field is intense in the regions close to the conductors and 
attenuates quickly towards the center. Since the phantom in the transmit coil had to be 
placed far away from the current elements due to the magnetic nature of the MOSFETs, 
the B1 field may have attenuated considerably before reaching the phantom. 
The mode patterns of a birdcage or TEM coil occur at distinct frequencies as 
determined by the mutual inductances between their resonant loops. This is 
characteristic of a periodic, resonant structure. The resonant modes of a resonant 
structure are a potential liability at high field strengths. Load-coil interactions at high 
field strengths cause significant shift in the resonant frequency of the loops of a resonant 
coil. With asymmetric loading, the resonant frequencies of the heavily loaded loops may 
shift more than those of the lightly loaded loops, thereby exciting higher order modes in 
some loops. This phenomenon is called mode mixing and some of the B1 inhomogeneity 
may be attributed to this (3). 
In contrast, the mode patterns of the non-resonant transmit array of current 
elements are generated at a single frequency, the Larmour frequency, by adjusting the 
amplitudes and phases of the currents on the current elements. This ability of the 
transmit array to generate controlled B1 patterns could potentially be a useful tool to 
optimize homogeneity in the presence of lossy dielectric loads. For instance, it is known 
that images of samples with high dielectric constants have a bright central spot with 
alternating dark and bright bands around it (6,12,29,35,64,65). This is a typical 
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interference pattern. In such cases, it may be advantageous to generate a mode 2 or mode 
3 pattern or even a combination of modal patterns which would be possible with a 
current element array due to results presented in section (V.4.1).  
Resonant coils such as the birdcage and TEM coils are highly efficient as they 
exhibit high current gain. This is the nature of a resonant structure. The main 
disadvantage of the transmit array design is its low efficiency. The amplitude of the 
current driven through the rung is entirely dependent on the MOSFET drive voltage and 
the current handling capacity of the MOSFET. Therefore, the large current requirements 
of bigger volume coils would necessitate the use of MOSFETs with very high current 
handling capacity. However, efficiency is only a secondary requirement in transmit coil 
design. The specification of primary importance in transmit coil design for high field 
imaging is B1 field homogeneity in the presence of asymmetrically placed lossy 
dielectric loads such as the human body. It is shown in literature that resonant coils do 
not meet that specification. It would also be very difficult to implement multi-port 
excitation on a resonant coil, in order to optimize B1 field homogeneity, because of the 
results presented in section (V.4.1) for a voltage element. The demonstrated ability of 
the transmit array to generate desired field patterns by independently controlling the 
current amplitude and phase on the component current elements may be used to optimize 
B1 field homogeneity in a simple and predictable manner. 
As a final comment, silicone oil has a very low dielectric constant (εr = 2.2) and 
is lossless (σ = 0 S/m). It is therefore a non loading phantom that does not produce any 
phase shifts in the B1 fields. The rationale for the selection of such an imaging medium 
  
92 
lies in the fact that the objective of the imaging experiments is to demonstrate that the 
array of current elements are able to generate controlled B1 field patterns in the imaging 
volume and not to optimize field homogeneity. The results of these experiments can later 
be used to optimize the B1 field homogeneity in lossy, high dielectric media. 
V.5. Summary 
In summary, this chapter has demonstrated the following: 
• Superior decoupling between neighboring current elements. 
• Independent control of current amplitudes and phases on the current elements 
over a wide range of drive voltage amplitudes. 
• Controllable field patterns in a silicone oil phantom due to the transmit array 
which consists of 8 current elements arranged in a volume coil configuration.  
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CHAPTER VI 
 
CONCLUSIONS, FUTURE WORK AND APPLICATIONS 
 
VI.1. Conclusions 
Volume coils such as birdcage and TEM coils are highly efficient, resonant 
structures that are excited by voltage sources at the Larmour frequency. At frequencies 
of 64 MHz and above, it is common to use two voltage sources in space and time 
quadrature to generate a circularly polarized B1 field. However, at 128 MHz and above, 
the parasitic capacitances between the load and coil approach the same order of 
magnitude as the tuning capacitors, thus making the coil current distribution sensitive to 
loading. This leads to degradation in the circular polarization, resulting in B1 field 
inhomogeneity. Further, load dielectric properties shorten the wavelength, thereby 
causing phase shifts, leading to formation of interference patterns within the load. Finite 
Difference Time Domain (FDTD) simulations have shown that excitation of all 24 ports 
of a TEM coil, with the ability to control the amplitudes and phases of the excitation 
sources independently of each other, enable optimization of the B1 field homogeneity 
(33). However, coupling effects in a resonant system excited by standard voltage sources 
makes the effective impedance of each leg dependent on the current in the other legs.  
Thus adjusting the excitation voltages to obtain the desired currents requires detailed 
knowledge of this (load-dependent) coupling or a time-consuming iterative procedure. 
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The single most important contribution of this dissertation to the existing body of 
knowledge on RF coil design is the design, development and study of RF current sources 
integrated with the magnetic field generator or rung. A MOSFET based voltage 
controlled RF current source has been implemented as a modification of standard RF 
power amplifier design. The true current source operation of the MOSFET is found to be 
constrained by the parasitic output capacitance of the MOSFET. The range of rung 
impedance values within which the MOSFET behaves as a true current source with 
respect to the rung has been established. It has also been found that for maximum 
linearity of response, the rung should be tuned to series resonance at the frequency of 
interest. Linear dependence of rung current amplitude and phase on the amplitude and 
phase of the input control voltage has been demonstrated.  
A controller module has been designed and built in order to provide the RF 
current source with the RF control voltage. The linear range of control of the amplitude 
and phase of the RF control voltage has been established as a function of amplitudes of 
the DC control voltages used to control the attenuators and phase shifters in the 
controller module. This is a very significant result which shows that the amplitude and 
phase of the magnetic field generated by the current on the rung can be directly 
controlled by the DC control voltages that are used to control the attenuators and phase 
shifters in the controller module. 
Another significant result that is discussed in chapter IV is that the resonance 
frequency of the loop formed by the rung and the parasitic output capacitance of the 
MOSFET is substantially shifted from the Larmour frequency. It has been shown 
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through simulation of the output circuit model that extent of the frequency shift depends 
on the value of the output capacitance. In other words, lower the output capacitance, 
greater the shift away from the Larmour frequency. Since the induction currents follow 
this path, the amplitude of the induction currents is significantly reduced compared to its 
amplitude had the loop been on resonance at the Larmour frequency. This fact has been 
demonstrated in chapter V with measurements recorded from adjacent rungs. The 
significance of this result is that adjacently placed rungs or current elements are weakly 
coupled to each other with the resultant increase in the range over which independent 
control over the amplitude and phase of the currents on the rungs can be exercised by the 
attenuators and phase shifters of the control module. This means that the magnetic field 
pattern inside a sample can be controlled by adjusting the current amplitudes and phases 
on each of the rungs independently of the others. In other words, the importance of 
mutual impedances is significantly diminished. This capability of pattern control of the 
B1 field has been demonstrated in chapter V with the generation of field patterns of 
various birdcage coil modes.  
In conclusion, a volume coil phased array has been implemented in a non-
resonant structure. The array is composed of rungs integrated with MOSFET RF current 
sources. The current amplitudes and phases on the rungs can be adjusted independently 
of each other by adjusting the amplitudes and phases of the control voltages input to the 
RF current sources. This results in the generation of controlled B1 field patterns, a 
feature that would be useful for optimization of B1 field homogeneity in an 
asymmetrically placed lossy load at high field strengths. 
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VI.2. Future work 
The ultimate objective for research in transmit coil design driven by RF current 
sources would be to implement a whole body RF coil for human imaging at ultra-high 
field strengths of 7T and above. The capability of such a coil would include the ability to 
optimize the B1 field homogeneity in real time through a simple feedback loop. The 
foundation for such a system has been laid in this work, where it has been established 
that the B1 field generated by a current element is a linear function of the DC voltages 
that control the attenuation and phase shifts in the controller module. However, there are 
a number of areas that would require further study. Some of these are discussed in this 
section. 
VI.2.1. The RF current source 
The MOSFET used in this work can drive a peak current amplitude of 1.75A into 
the rung. This is not sufficient to create a 90o flip angle in the center. Hence, MOSFETs 
with higher current handling capacity have to be used in order to image with the spin 
echo sequence. Unfortunately, MOSFETs with higher current handling capacity also 
come with larger parasitic capacitances.  
Alternatively, a push-pull design could be considered, where two MOSFETs are 
driven 180o out of phase with each other. One possible configuration of such a design is 
shown in the schematic of Fig. 36. In this configuration, Cos of the MOSFET 2 would be 
used as part of the series resonant rung connected to MOSFET 1 and vice-versa. When 
driven 180o out of phase, with class A gate biasing, this would lead to doubling of 
current in the rung.  
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FIG. 36. Push-pull configuration of MOSFETs. This would be a balanced configuration 
with the Cos of either MOSFET used as part of the series resonant rung as seen by the 
other MOSFET. 
 
As another alternative, the output currents of several small MOSFETs could be 
combined using principles of distributed amplification. Current combining techniques 
would need to be investigated.   
MOSFETs are generally enclosed in plastic packages with a lead frame. The 
MOSFET terminals are wire-bonded to the lead frame. Unfortunately, the lead frames 
used by most MOSFET manufacturers are made of an alloy of iron and nickel, called 
Alloy42. Iron and nickel are both ferromagnetic and will cause severe distortions in the 
static magnetic field homogeneity leading to severe image distortion. In an experiment 
described in chapter V, it was found that no noticeable distortion occurred if the sample 
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was placed about 2.5 inches away from the MOSFET. This result was used in the design 
of the receive coil for this work. Therefore, if the receive coil is to be built big enough to 
accommodate the human head, the size of the transmit coil would have to be increased 
by the same amount. While this may not be a constraint for head coils, it would be an 
important issue for body coil designs where radial space is at a premium. Alternatively, a 
remote current source design may be considered, where a coaxial cable whose length is a 
multiple of λ/2 can be used to conduct the RF current to the coil elements. In this case, 
the effects of cable coupling and cable losses would have to be assessed carefully. 
VI.2.2. Homogeneity optimization 
This work describes the generation of controllable magnetic field patterns in the 
sample volume. The field patterns have been generated in a homogeneous silicon oil 
phantom. As discussed in chapter V, silicon oil has a low dielectric constant and is 
lossless and as such does not represent real imaging situations. The next logical step is 
therefore to use the capability to independently control current amplitudes and phases on 
the rungs to optimize the B1 field homogeneity in the presence of homogeneous 
dielectric and lossy loads by superimposing the various birdcage modes. Quantitative 
assessments of sensitivity to the type and position of the load within the coil would have 
to be made.  
VI.2.3. Receive coil 
This work describes the implementation of a transmit only coil design. In order 
to investigate the effectiveness of the transmit coil in optimizing the B1 field 
homogeneity in the presence of lossy, dielectric loads, a good volume receive coil would 
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be required. One option would be to design a stand-alone receive-only coil that could 
accommodate the human head and at the same time, fit into the transmit coil former. 
This would necessitate increasing the size of the transmit coil. High voltage MOSFETs 
may have to be used in order to generate the currents required to enforce a 90o tip angle 
in the center of the sample. The other option would be to convert the existing transmit 
only coil into a transmit/receive configuration by implementing PIN diode switches to 
switch resonating elements into the circuit. In order to understand the design 
requirements for such an arrangement, a simple surface coil loop could be implemented 
in transmit/receive mode. Fig. 37 illustrates such a transmit/receive loop. During 
transmit mode, the capacitor that is part of the matching network could be switched OFF 
by reverse biasing the PIN diode. The series tuning capacitor in the RF current path 
could be tuned to series resonate the current loop. During receive mode, the matching 
capacitor would be switched back into the circuit by forward biasing the PIN diode.  
VI.3. Applications 
Current elements are versatile magnetic field generators and can be used in 
several configurations, custom made for specific applications. One area that has been 
discussed in this dissertation, that is the motivation for the development of this 
technology, is for optimization of B1 fields in the presence of asymmetrically placed 
lossy dielectric loads for high field MRI. Two other applications of current elements, not 
necessarily at high fields, are described below 
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FIG. 37. Simple surface coil loop. The loop could be switched between current element 
mode and resonant receive mode. 
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VI.3.1. Surface transmit/receive coils 
The current elements could be placed in specific arrangements and the current 
phase and amplitudes could be set so as to obtain any desired excitation pattern. A 
simple example would be a rectangular loop, in which only the z-directional currents 
generate useful fields. Conductors in the transverse direction only serve to complete the 
circuit. The size of each loop has to be varied for different applications and hence would 
have to be constructed all over again with different component values.  On the other 
hand, a pair of current elements, placed parallel to each other along the z direction, with 
current phase relation of 180o would achieve the same result. The distance between the 
current elements could be adjusted to simulate any size of rectangular loop. 
VI.3.2. Spatially selective excitation 
Multi-dimensional spatially selective excitation (66-70) can be used in a number 
of applications such as fast imaging with field-of-view restriction, selective flow tagging 
(68), three dimensionally localized spectroscopy (67) and curved slice imaging (71), 
among others. Spatially selective excitation is implemented using specialized magnetic 
field gradient pulses. In such applications, the volume transmit array would be useful in 
providing selective RF excitation in the region of interest by turning ON the required 
number of current elements, thus reducing the RF power requirement. This would be 
possible because the current elements are well decoupled from each other as described in 
chapter V. 
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VI.3.3. Transmit SENSE 
Transmit SENSE (71) is a recent development that is specifically intended to 
reduce the RF pulse length during multi-dimensional spatially selective excitation. This 
involves the use of multiple RF transmit coils, each of which exhibits a spatially 
different sensitivity pattern and is driven by a specific RF waveform in order to shorten 
the path of k-space traversal, thereby reducing the RF pulse length. Innovative methods 
have been used to implement such transmit coils in order to demonstrate the principle of 
transmit SENSE (71). However, in practical situations, such methods defeat the purpose 
of technique.  
Transmit arrays, with decoupled current elements, would be ideally suited for 
transmit SENSE applications. The additional hardware requirements would be a 
dedicated modulator and waveform synthesizer for each channel.  
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 APPENDIX A 
 
THE RF POWER MOSFET 
 
Field Effect Transistors (FET) are a class of three terminal solid state devices in 
which the current flow between a pair of terminals, the drain and source, is regulated by 
an electric field. The electric field is created by the application of a control voltage to the 
third terminal called the gate. The Metal-Oxide-Semiconductor FET (MOSFET) is a 
special class of FET’s where the electric field is created due to the formation of a MOS 
capacitor. In this appendix is given a summary of the fabrication process and the DC 
characteristics of the MOSFET. The MOSFET DC characteristics are the basis upon 
which the operational principles of a MOSFET RF amplifier are explained. 
Fabrication of a power MOSFET  
The RF power MOSFET is fabricated on a silicon substrate called a die. 
MOSFET die fabrication involves several steps of solid state processes, which can be 
broadly summarized into four steps. These are illustrated by the schematics in Fig. A1, 
in the development of an N-channel enhancement mode MOSFET. 
The first step in the fabrication process starts with a p-type substrate, in which 
the holes are the majority carriers and the electrons, the minority carriers. This is shown 
in Fig. A1a. 
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FIG. A1. Steps involved in the fabrication of the MOSFET. Starting with the p-type 
substrate (a), the source and drain regions are formed by the diffusion of n-type wells 
into the substrate (b). The third step involves the deposition of the insulating oxide layer 
and the passivating nitride layer (c) and the final step involves the metallization in order 
to develop the gate, drain and source contacts (d). 
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Next, two low resistivity n-type regions are diffused into the p-type substrate as 
shown in Fig. A1b. These form the drain and source regions of the MOSFET. The region 
between the drain and the source is where the channel is formed. The process of channel 
formation is explained in the following section.  
Next, a thin layer of Silicon dioxide is deposited on the surface of the die as 
shown in Fig. A1c. The characteristics of the MOSFET are very sensitive to the purity 
and thickness of the oxide layer. Hence, these two parameters are carefully controlled 
during the deposition of the oxide. The oxide layer is also prone to contamination by 
sodium ions and moisture that are known to be present in varying degrees of 
concentration in the atmosphere. The oxide is therefore passivated with a layer of Silicon 
Nitride, which is known to be impervious to sodium ions and moisture.  
In the final fabrication step, holes are etched into the oxide and nitride layers to 
allow for metallic contact with the drain and source regions. Metal is overlaid on the 
insulator, covering the entire channel region, to form the gate terminal. Simultaneously, 
metallic contact is made with the drain and source regions as shown in Fig. A1d thus 
forming the drain and source terminals 
When the conduction of current from the drain to source is facilitated by the 
formation of an n-type channel in a p-type substrate, the MOSFET is classified as an N-
Channel Enhancement mode MOSFET. In this type of device, the drain is positive with 
respect to the source and the gate must be biased to a positive voltage to the source for 
the drain source current to flow. This is the most commonly used MOSFET in the design 
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of modern solid state amplifiers. Table A1 is a list of useful symbols and their 
definitions, commonly used in a discussion of MOSFETs and RF amplifiers. 
 
Table A1 
Symbols used in the discussion of MOSFETs and RF amplifiers and their definitions. 
Symbol Definition 
CDS Drain-source capacitance 
CDG Drain-gate capacitance (same as Crs) 
CGS Gate-Source capacitance 
Cis Input capacitance, common source 
Cos Output capacitance, common source 
Crs Feedback capacitance, common source 
gfs Forward transconductance 
ID On state drain current 
IDSS Drain-source leakage current 
Iom Output RF current amplitude 
RDS(on) On-state drain-source resistance 
RL Load resistance 
θ Angular time in radians; θ=ωt 
VBR(DSS) Drain-source reverse bias breakdown voltage 
VDSat Drain-source saturation voltage 
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Symbol Definition 
VDD Drain DC supply voltage 
VDS Drain-source voltage 
VDS(θ) Drain-source instantaneous RF voltage 
VGG Gate DC supply voltage 
VGS Gate-source voltage 
VGS(θ) Gate-source instantaneous RF voltage 
Vim Input RF voltage amplitude 
Vom Output RF voltage amplitude 
 
 
DC characteristics of the MOSFET 
The symbol used to represent MOSFETs is shown in Fig. A2a. Fig. A2b is a 
schematic of a test circuit that is commonly used to obtain the DC characteristics of a 
MOSFET. Variable DC voltage sources, VGG and VDD, are connected to the gate and 
drain terminals of the MOSFET, respectively. The source terminal of the MOSFET is 
grounded, resulting in the commonly used “common source” configuration. The 
ammeter AD and voltmeters VG and VD are used to measure ID, VGS and VDS 
respectively.  
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FIG. A2. Circuit used to obtain the DC characteristics of the MOSFET. (a) The symbolic 
representation shows the gate (G), drain (D), source (S) and bulk (B) contacts. (b) is the 
schematic of the curve tracer circuit which is used to determine the DC characteristics of 
the MOSFET. 
 
When VG is increased from zero to some positive value, VGG (of the order of a 
few volts), holding VD at a constant large value, VDD (of the order of a few tens of volts), 
a plot of ID against VGS results in the characteristic curve of Fig. A3. This curve is called 
the “transfer curve” of the MOSFET. The transfer curve shows zero ID for VGS < VT, a 
small increase in ID for VT < (VGS – VT) < VL and a large, linear increase in ID for VL < 
(VGS – VT) < VU. The forward transconductance of the MOSFET is commonly defined 
for the linear region of the transfer curve as 
 
D
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V
∆
=
∆
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FIG. A3. Transfer curve of MOSFET. This shows the Drain current flow for any applied 
gate voltage. 
 
In the design of RF amplifiers, the transfer curve is used to define the quiescent 
(or operating) point of the RF amplifier. The RF behavior of the MOSFET is based on 
the periodic traversal of the transfer curve corresponding to the periodic swing of the 
gate voltage. 
When VG is increased in steps from zero to VGG, with VD varied from zero to 
VDD, plots of ID against VDS for each VG, result in the characteristic curves of Fig. A4. 
These curves are called the I-V curves of the MOSFET.  
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FIG. A4. I-V curves of the MOSFET. Each curve corresponds to a specific setting of 
VGS. The three regions of operation are shown. 
 
Three distinct regions of operation are defined in the above characteristic curves 
of the MOSFET.  
• When VGS < VT, ID is zero and the MOSFET is said to be “cut off”. This region 
is indicated in Fig. A4 and symbolically represented in Fig. A5a.   
• When VGS > VT and VDS < VDSat, ID increases linearly as VDS. The projection of 
OA’ on the abscissa in Fig. A4 represents the range of VDSat over the range of 
VG. This region, called the active region, is symbolically represented as a series 
resistor, rDS(on), in the drain-source path, in Fig. A5b.   
• When VGS > VT and VDS > VDSat, ID changes negligibly with VD. The MOSFET 
behaves as a true current source in this region, called the saturation region, as 
shown symbolically in Fig. A5c.   
  
120 
It should be noted that the transfer curve of the MOSFET is defined in the saturation 
region of the I-V curve.  
 
 
 
FIG. A5. Symbolic representation of the three MOSFET states. 
 
The structure of the MOSFET results in the formation of parasitic capacitances 
that are not significant at low frequencies but have significant effect on the MOSFET 
response at RF. The origins of these capacitances are shown in Fig. A6. CDS is a parasitic 
capacitance that is formed as a result of junction capacitance of the reverse biased diode 
at the interface of the drain and substrate. CDS depends on the applied reverse voltage 
across the diode. CGS and CGD are parasitic capacitances that are formed as a result of 
overlap of the gate metallization over the drain and source regions and these are not 
voltage dependent. 
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FIG. A6. Parasitic capacitances of the MOSFET. CGS and CDG are the parasitic 
capacitances formed due to overlap of the gate metallization over the source and drain 
regions respectively. CDS is the drain-source capacitance formed due to the reverse 
biased diode at the drain-substrate interface. 
 
MOSFET datasheets generally specify output capacitance, Cos, input capacitance, 
Cis and feedback capacitance, Crs.  
• Cos is measured with VGG set to ground potential and is given by 
 os DS GDC C C= +  [A.2] 
Cos appears as a capacitance across the output terminals of the MOSFET. Since 
the internal resistance of the MOSFET current source is very high, the output 
impedance of the MOSFET is essentially the output capacitance.  
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• Cis is measured with the drain shorted to the sourced terminal and appears across 
the input terminals of the MOSFET. Cis is given by 
 is GS GDC C C= +  [A.3] 
Cis does not vary significantly with the applied gate voltage. The effect of Cis is 
to reduce the input impedance of the MOSFET. This makes matching to a 50 
ohm generator more difficult.  
• Crs is the feedback capacitance and is the same as CGD. Through proper layout of 
the MOSFET, this capacitance is minimized. 
 
 
 
FIG. A7. Equivalent circuit of the MOSFET. This figure depicts the MOSFET as a 
voltage controlled current source. The parasitic capacitances between the MOSFET 
terminals are also shown. 
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From the above description of the MOSFET, it may then be conveniently 
represented by the simplified equivalent circuit shown in Fig. A7. Fig. A7 depicts the 
MOSFET as a voltage controlled current source with the parasitic capacitors that affect 
its performance at RF. 
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APPENDIX B 
 
RF POWER AMPLIFICATION 
 
Linear amplification of RF power is achieved when the MOSFET behaves as a 
true current source. This is possible only when VDS > VDSat at any instant of time. Here, 
linearity is a measure of the extent to which the output waveform is a faithful 
reproduction of the input waveform.  
Another factor that determines the linearity of an RF amplifier is the quiescent 
point about which the MOSFET operates. The quiescent point is that value of constant 
drain current, denoted by IDQ, which corresponds to a constant VGS, as defined by the 
transfer curve of the MOSFET. Fig. B1 is a reproduction of the transfer curve of Fig. A3 
with four commonly used values of VGS and their corresponding IDQ marked out.  
RF power amplifier classes 
When VGS = VGS(A), IDQ = IDQ(A) is a large constant current of the order of a few 
amps for a high power device. However, application of an RF input voltage (Fig. B2a), 
whose amplitude is less than (VGS(A) – VT) ensures that the MOSFET never goes into the 
cut off region. Conduction angle is 360o and the amplifier is very linear. RF amplifiers of 
this class are known as Class A amplifiers. 
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FIG. B1. Various gate bias points for linear amplification. 
 
 
FIG. B2. Upper half of the figure represents input RF voltage. The lower half represents 
output current. The bias points of Class A (a); Class B (b); Class AB (c) and Class C (d) 
amplifiers are shown. 
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When VGS = VGS(B) = VT, IDQ = 0A, VGS is less than VT for half the sinusoidal 
cycle as shown in Fig. B2b. The MOSFET therefore is ON for only the positive half of 
the input voltage sinusoid. It is said to have a conduction angle of 180o. The sinusoidal 
waveform on the output is obtained either by the use of a push-pull configuration in case 
of a broadband amplifier or by a tuned output network in case of a narrow-band 
amplifier. Such an RF amplifier is known as class B amplifier.  
For class AB amplifiers, VGS(B) < (VGS = VGS(AB)) < VGS(A) and  IDQ = IDQ(AB). 
Usually, VGS(AB) is set at the beginning of the linear portion of the transfer curve. The 
conduction angle is between 180o and 360o, as shown in Fig. B2c.  
For class C amplifiers, 0 < VGS(C) < VT and IDQ = IDQ(C), which is shown to be 
negative in both Fig. B1 and Fig. B2d. However, in practice, IDQ(C) = 0A. The 
conduction angle for a class C amplifier usually is between 90o and 180o. Class C 
amplifiers are usually used as high efficiency tuned amplifiers. 
Principle of operation of RF power amplifiers 
The principle of operation of a MOSFET RF amplifier can be analyzed on the 
basis of the DC characteristics of the MOSFET. For simplicity, a class A amplifier will 
be analyzed in this section. Other amplifier classes could be analyzed on similar lines.  
The schematic of a basic common source RF amplifier is shown in Fig. B3. 
Table B1 is a list of symbols that have been used in the schematic and their definitions.  
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FIG. B3. Schematic of the basic RF amplifier. The parasitic output capacitances 
described in appendix A are ignored here. In reality, the parasitic capacitances are 
compensated for and the load resistance represented by RL is a virtual load resistance. 
 
Table B1  
Table of symbols used in RF amplifier design. 
Symbol Definition 
Cb DC block capacitor 
IDC DC quiescent current drawn by MOSFET 
ID(θ) Time varying drain current 
Io(θ) Time varying load current 
RGB Gate bias resistor 
RL Load resistor 
RFC RF choke 
VGG Gate DC supply voltage 
VDD Drain DC supply voltage 
VGS(θ) Time varying gate-source voltage 
VDS(θ) Time varying drain-source voltage 
Vi(θ) Time varying input voltage 
Vo(θ) Time varying output voltage 
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In the schematic shown in Fig. B3, let the RF source produce a sinusoidal voltage 
Vi(θ) such that 
 ( ) ( )sini imV Vθ θ=  [B.1] 
and  
 ( ) ( )sinGS GS imV V Vθ θ= −  [B.2] 
 
For class A operation, Vim < (VGS – VT) and hence VGS(θ) > VT for t > 0 and the entire 
voltage waveform presented to the gate lies in the linear region of the transfer curve. 
Multiplication of equation [B.2] with gfs signifies amplification and yields 
 ( ) ( )sinDS DQ omI I Iθ θ= −  [B.3] 
IDQ flows through the RF choke and Iomsin(θ) flows through the blocking capacitor into 
the load resistor, RL, creating a voltage drop, Vo(θ), across it, given by 
 ( ) ( ) ( )sin sino L om omV R I Vθ θ θ= =  [B.4] 
 The power dissipated by RL is the output power Po, given by 
 
2 2
2 2
om om
o
L L
I VP
R R
= =  [B.5] 
From equation [B.4], it is clear that instantaneous drain-source voltage, VDS(θ), is given 
by 
 ( ) ( )sinDS DD omV V Vθ θ= +  [B.6] 
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FIG. B4. Waveform diagram of Class A amplifier. (a) through (f) are pictorial 
representations of equations [B.1] through [B.6] except equation [B.5]. 
 
Equation [B.5] implies that the output power varies linearly as the amplitude of the 
output voltage swing. Since Vom itself varies linearly as RL, equation [B.5] implies that 
when the MOSFET behaves as a current source, larger the load resistance, greater the 
output power.  However, by virtue of the assertion that VDS(θ) > VDSat in order for the 
MOSFET to behave as a current source, equation [B.6] imposes an upper bound on Vom 
given by 
 om DD DSatV V V≤ −  [B.7] 
From equation [B.6], it could be argued that VDD could be increased arbitrarily to 
accommodate the condition imposed by equation [B.7]. However the avalanche 
breakdown voltage, VBR(DSS), of the reverse biased diode formed by the drain-substrate 
interface imposes an upper bound on VDD as 
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 ( )DD omBR DSSV V V< −  [B.8] 
From equation [B.5] and the conditions [B.7] and [B.8], the optimum value of RL can be 
calculated as 
 
( )2
2
DD DSat
L
o
V V
R
P
−
=  [B.9] 
The waveform diagram shown in Fig. B4 is a step-by-step illustration of the 
amplification process of an input sinusoid as described by the above equations. 
 
 
FIG. B5. Load-pull diagram for resistive load. DD′ is the locus of VDS and IDS during RF 
operation of the MOSFET. VDS swing is represented by VV′. The IDS swing is 
represented by II′. The lower limit for the VDS swing is VDSat. ID swings about IDQ, the 
quiescent current. 
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From the above analysis, the MOSFET may be described as a high resistance 
current driver. From Fig. B4c and Fig. B4f, it can be seen that the drain current is 
minimum at maximum voltage across the drain-source terminals and vice versa. Fig. B5 
is an illustration of the operation of the RF amplifier based on the DC characteristics of 
the MOSFET. DD' represents the variation of ID and VDS with the sinusoidal variation of 
the gate voltage above the threshold voltage. Since ID and VDS for a pure resistive load 
are 180o out of phase, DD' is a straight line as shown in Fig. B5. For a pure reactive load, 
DD' would be a perfect circle. For the mixed loads found in most practical situations, 
DD' would be an ellipse. 
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APPENDIX C 
 
IMAGING RESULTS 
 
 
 
FIG. C1. Images obtained due to current in two adjacent rungs. Currents in rungs 
numbered 2 and 3 are set to the maximum amplitude of 1.65A. When the phase 
difference between the rungs is set to 0o (a), field cancellation, defined by the dark spot,  
is seen in the region between the rungs. When the phase difference is set to 189o (b), 
addition of fields is seen between the rungs while the fields are cancelled over the 
majority of the image. 
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FIG. C2. Images obtained with rungs 1 and 3 active. The rungs are placed geometrically 
90o apart. Rungs 1 and 3 carry current of amplitude 1.65A with all other rungs turned 
off. When currents on rungs 1 and 3 are set with a phase difference of 90o (a), a uniform 
image is obtained because the fields due to the two rungs are orthogonal to each other in 
space and time. When the phase difference is set to 0o (b), there is a region between the 
two rungs within which the fields due to the two rungs cancel out as defined by the dark 
spot. When the phase difference is set to 180o (c), the bright region between the rungs 
shows addition of the fields between the rungs as expected from a simple analysis of the 
fields from the right hand thumb rule and the fields cancel out everywhere else. 
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FIG. C3. Quadrature and anti-quadrature images. (a) shows quadrature mode excitation 
which means that the B1 field is co-rotating with the nuclear magnetic spins. (b) shows 
anti-quadrature mode excitation which means that the B1 field is counter-rotating with 
respect to the nuclear magnetic spins. Anti-quadrature mode should not yield any image 
when the B1 fields are perfectly circularly polarized. (c) shows a subtraction image 
obtained by performing (a)-(b). This shows that except near the edges, the fields are 
circularly polarized. The circular polarization is degraded at the edges due to proximity 
to the conductors of the receive coil. 
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